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NOTES 


I, GENERAL 


1. Submission of a paper to the Yournal of 
the Physics and Chemistry of Solids will be taken 
to imply that it represents original research 
not previously published (except in the form of 
an abstract or preliminary report), that it is not 
being considered for publication elsewhere, and 
that if accepted, it will not be published else- 
where in the same form, in any language, without 
the consent of the editor-in-chief. It should deal 
with original research work in the field of the 
physics and chemistry of solids. 

2. Papers should be submitted to the appro- 
priate regional editor (all English-language papers 
to be sent to the U.S. editor). 

3. Papers will be published as quickly as possi- 
ble after acceptance, and, subject to space being 
available, should appear in the following issue, 
if this is due for publication not earlier than three 
months after the acceptance date. Short com- 
munications under the heading of “Letters to the 
Editor” will receive priority for publication, and 
will be published in the issue following receipt, 


if accepted not later than the beginning of the 
month preceding publication. 

4. Fifty free reprints of each paper are sup- 
plied. Additional copies can be obtained at a 
reasonable cost if ordered when proofs are 
returned. A reprint order form will accompany 


first proofs. 


II. SCRIPT REQUIREMENTS 


1. Papers submitted should be concise and 
written in a readily understandable style. Scripts 
should be typed and double spaced and submitted 
in duplicate to facilitate refereeing. 

It will be appreciated if authors clearly indicate 
any special characters used. An abstract, not 
exceeding 200 words, should be provided in 
the language of the paper. French and German 
papers should be submitted with English abstract 
and titles, but if this is not possible the abstract 
will be translated by the publishers. To conserve 
space, authors are requested to mark less important 
parts of the paper, such as details of experimental 
technique, methods, mathematical derivations, 
etc. for printing in smal] type. The technical 


FOR CONTRIBUTORS 


description of methods should be given in detail 
only when such methods are new. Authors will 
receive proofs for correction when their papers are 
first set; page proofs will be sent only when the 
amount of alteration makes it advisable. 

2. Illustrations should not be included in the 
typescript of the paper, and legends should be 
typed on a separate sheet. Line drawings which 
require redrawing should include all relevant 
details and clear instructions for the draughtsman. 
If figures are already well drawn it may be possible 
to reproduce them direct from the originals, or 
from good photo-prints if these can be provided. 
It is not possible to reproduce from prints with 
weak lines. Illustrations for reproduction should 
normally be about twice the final size required. 
The lettering should be sufficiently large and bold 
to permit this reduction. Photographs should only 
be included where they are essential. 

3. ‘Tables and figures should be so constructed 
as to be intelligible without reference to the text. 
Every table and column should be provided with 
an explanatory heading. Units of measure must 
always be clearly indicated. The same data should 
not be published in both tables and figures. The 
following standard symbols should be used on line 
drawings since they are easily available to the 
printers:©,@,+, X,0,BA,A, O, @. VY, ¥- 

4. References are indicated in the text by 
superior numbers in parentheses, and the full 
reference should be given in a list at the end of 
the paper in the following form: 

1. Hitz R., J. Iron St. Inst 158, 177 (1948). 
2. PEARSON C., The Extrusion of Metals, p. 
Chapman and Hall, London (1944). 


137. 


Abbreviations of journal titles should follow 
those given for Physics Abstracts. It is particularly 
requested that authors’ initials, and appropriate 
volume and page numbers, should be given in 
every case. 

Footnotes, as distinct from literature references 
should be indicated by the following symbols—*, f, 
t, tf, commencing anew on each page; they should 
not be included in the numbered reference system. 

5. Due to the international character of the 
journal no rigid rules concerning notation and 
spelling will be observed, but each paper should 
be consistent within itself as to symbols and units. 
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Abstract 


During the growth of indium antimonide crystals from the melt planar crystallographic 


facets can develop on the solid—liquid interface. At growth rates of 2 cm/hr the distribution co- 
efficients for Te have been shown to be different by a factor of ~ 6 on and off {111} facets—the 


values being ~ 3 and ~ 0-5 respectively; 


a similar effect has been found for a residual donor im- 


purity. The “‘facet effect’’ is not due to a solute-enriched boundary layer. The theoretical significance 


of the results is discussed. 


INTRODUCTION 
IN CRYSTAL growing or zone-melting distribution 
coefficients are important parameters; they govern 
the concentration of the solute in the resultant 
solid, provided transport in the vapour phase or 
diffusion in the solid is negligible. ‘The distribution 
coefficient of a solute is the ratio of the solute con- 
centration in the solid to the solute concentration 
in the liquid. In the definition of the equilibrium 
distribution coefficient, ko, one need not specify 
either the orientation of the solid—liquid interface 
across which equilibrium is achieved or exactly 


where in the solid or the liquid the concentrations 


are to be measured, provided that regions within 
a few atom spacings of the interface are excluded 
in order to obtain concentrations representative 
of the bulk solid and liquid; the value of kg may 
depend on solute concentration at high concen- 
trations. At a finite rate of growth an impurity 
boundary layer develops in the liquid near the 
interface when stirring in the melt is incomplete 
(TILLER et al.“), BuRTON et al.@:*), WAGNER”), 
HutME®)). Two distribution coefficients Rete and 
k* can be distinguished in this situation (see Fig. 
1). The effective distribution coefficient, Regs, is 
the quantity measured experimentally by deter- 
mining the solute concentration in the solid as a 
function of mass fraction solidified; it is defined 
as the concentration in the solid taken immediately 
behind the interface in a volume small compared 


I 


with the total volume solidified whilst again ex- 
cluding the first few atom layers in the solid 
divided by the concentration in the liquid outside 
the boundary layer (i.e. at a few multiples of D/R 


concentration 


Fic. 1. The solute boundary layer. er; 
k* 


Diagram drawn for the case k* 


from the interface, where D is the diffusion co- 
efficient of the solute in the liquid and R is the 
growth rate). The magnitude of Ree can depend on 
the rate of growth, the interface orientation, the 
stirring conditions in the liquid and the solute 
concentration. In the definition of k*, the con- 
centration in the solid is defined as for Reg, but 
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the concentration in the liquid is taken in a region 
close to the interface sufficiently narrow to avoid 
any concentration variation in the boundary layer 
whilst excluding the first few atom layers in the 
liquid; k* may in principle differ from ko and may 
depend on growth rate, interface orientation and 
solute concentration, but it is by virtue of its 
definition independent of stirring conditions in 
the melt. Aege is always nearer to unity than k*. 
Under conditions of very good stirring, however, 
the value of kere closely approaches that of k*. 

The existence of the impurity boundary layer 
in the liquid complicates experimental attempts 
to measure the difference between kp and k*. 
However, for Sb in Ge at high growth rates 
(~20 cm/hr) there have been indications that k* 
varied slightly with orientation. BURTON et al.(2-%) 
have developed a theory of the variation of Reg 
with growth rate and stirring rotation rate; on the 
basis of this theory and their experimental results 
they concluded that for Sb in Ge k* was very close 
to ko. Previously HALL“) had contended that k* 
varied with growth rate and orientation. The 
variation with growth rate was discounted by 
BuRTON et al., but HALL’s results may still be 
taken to indicate that k* varied with seed orienta- 
tion (~5 per cent differences at 10 cm/hr and 
~10 per cent differences af 20 cm/hr between 
seeds orientated along <1005, <1105 and <111 
directions). BURTON et al. also obtained evidence, 
from an autoradiograph of a twinned crystal, of a 
change (less than 5 per cent) of k* for Sb in Ge 
with interface orientation at a growth rate of 
18 cm/hr. The present authors have found that 
the variation with interface orientation of k* for 
Te in InSb is remarkably large at low growth 
rates (2 cm/hr). 

Previous work on the distribution coefficient of 
Tein InSb was based on the apparently reasonable 
assumption that k* was close to kg and had no 
orientation-dependence. Te, a donor impurity in 
InSb, is considered to be an important impurity 
element in material purified by zone-refining, 
since its kere appears to be close to unity. HARMAN”) 
estimated Resp to be 0-8 in polycrystalline material. 
The present authors (HULME and MULLIN®)) con- 
firmed that in polycrystalline material kere was just 
less than unity. From later experiments (MULLIN 
and HuLMe)) in which electromagnetic stirring 
of the molten zone was used a value of ~0-9 can 


and K. 
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be deduced (for k*). However, one of us 
(MuLLIN®)) when attempting to measure Regs in 
single crystals encountered anomalous results 
from which the only permissible conclusion was 
that ker: was about unity for crystals oriented close 
to a <111) direction. Srrauss“!), using seed 
crystals oriented “‘approximately on the <111 

direction’, found ery to be 0-54 at a growth rate 
of 1-3 cm/hr and rotation rate of 130 r.p.m. and 
apparently encountered no anomalies. MULLIN 
had found that the Te concentrations in the 
crystal did not vary smoothly with the mass 
fraction of crystal pulled, but increased and de- 
creased in an irregular manner. It is now possible 
to understand the cause of these difficulties. A 
has been given 


preliminary account already 


(HuLME and MUuLLIn"?)), 


EXPERIMENTAL 

Apparatus 

InSb crystals were pulled from the melt by the 
Czochralski technique; the melt temperature was 
controlled by a servo-system and a resistance 
heater. The pull rate was 2 cm/hr and the rotation 
rate 100 r.p.m. In some cases the crystals were 
pulled under vacuum, in others under one atmo- 
sphere pressure of Ho. The seed crystals were 
oriented close to a <111> direction except where 
otherwise stated. Autoradiographs of radioactively 
doped crystals were taken by placing slices ground 
flat with 4F carborundum in contact with standard 
X-ray film for about a week and then developing 
the film in standard high contrast developer. 
Where carrier concentrations are quoted they were 


determined by measuring the Hall constants of 


rectangular crystal specimens at 77°K in a field 
of 1950 G. 

InSb belongs to the point group 4 3m, which 
means that {111} and {111} faces are not equivalent 
to one another. ALLEN(!®) that in 
Dewacp’s“!4) notation etch pits only appear on the 
‘T11} faces when etching takes place in CPy. We 
used this method to distinguish {111! and Tih 


has shown 


faces. 
RESULTS 
(i) Appearance of crystals 
Facets. The ends of crystals when parted from the 
residual melt by a sharp increase in pull rate often 
showed a planar facet on an otherwise curved 





Fic. 2. Photograph of crystal ends of R6., X 3 
A, facet; B, rounded surface; C, Spike due to solidified 


droplet of melt 


21 


Fic. 3. Photograph of crystal ends of R15., X 34, 
A, facet; B, rounded surface; C, Spike due to solidified 


droplet of melt. 


[facing p. 2 





ends of R12., X 3 
due to solidified 


droplet of melt 


\utoradiographs of radio-Te doped crystal 
Section 1, slice taken from the top ol the crystal per- 


pendicular to gi wth direction; Section Z. slice taken 


betweer sections 1 and 3 parallel to the growth 


direction: Section 3, slice taken near the bottom of the 


crystal perpendicular to the growth direction; E, seed 


F, growth direction; G, trace of (111) plane 


itive prints i.e. white high ‘Te conc 
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surface. Typical examples are shown in Figs. 2, 3 
and 4, The spikes and rings are associated with the 
way the crystal parted from the melt while still 
rotating. X-ray back reflection Laue photographs 
showed that the facets were parallel to {111} planes 
in the crystals.* If the seed orientation was not 
exactly along a <111> axis the (111) facet was dis- 
placed to one side (Figs. 2 and 3). The facet 
dimensions ranged from 2 mm to 3 cm, the size 
depending on the amount the seed was off the 

111» axis and on the general interface curvature. 
(The solid surface was convex, at least in the final 
stages of growth, under the growth conditions 
used.) The fact that {111} facets are observed on 
the ends of crystals does not of course prove that 
the facets are present during growth. However, 
evidence that they are is often provided by the 
shapes of the crystals; a (111) facet which intersects 
the edge of the interface affects the cross-sectional 
shape of the crystal. This may be seen in Figs. 2 
and 3; since the crystal is nearly on a <111> axis 
one would expect to find threefold symmetry, 
which is not observed—the crystal tending to 
draw in where the facet intersects the edge. In 
favourable cases one can deduce from the shape of 
the crystal that the facet has been present on the 
interface during most of the growth. 


(11) Tellurium-doped crystals 

attempt to understand the 
encountered by MULLIN autoradiographs were 
taken of a crystal doped with radio-Te. These are 
A section perpendicular to the 


In an anomalies 


shown in Fig. 5. 
growth direction near the start of growth (section 1) 
showed a uniform Te distribution. A similar 
section taken a few mm from the end of growth 
(section 3) showed that there was a region of en- 
hanced ‘T’e concentration at one side of the crystal. 
The donor concentrations measured in and out of 
the ‘Te-enhanced region in section 3 were 
1:5 x 1019/cm? 2:4 x 1018/cm3 
which indicated that the Te was in atomic solution 
the concentration ratio being 


6-3. Using the portion of the crystal between these 


and respectively, 


in both regions 
two cross-sections autoradiographs were taken of 
longitudinal sections (i.e. parallel to the growth 


direction); one of these is shown in Fig. 5 (section 


* (A small (100) facet has been observed on the end 


of a heavily twinned crystal.) 


> 


2). It indicated that the Te-rich region appeared 
after about a quarter of the crystal had grown and 
then increased in dimensions. In the longitudinal 
section straight lines can be seen in the Te-rich 
region; an X-ray orientation determination showed 
that these lines were traces of a (111) plane, the 
seed being ~ 12° off the [111] direction. The end 
of the crystal is shown in Fig. 2. The distinctive 
shape near the end of growth indicated that the 
Te-enhanced region 1s associated with the (111) 
facet. (Compare Fig. 2 with Fig. 5, 
The longitudinal section shows the history of the 


section 3). 


facet development; the straight lines in the Te- 
enhanced region are attributed to fluctuations of 
the growth conditions. It is concluded that, at a 
growth rate of 2 cm/hr, Reg for Te in InSb is about 
a factor of 6 larger on a {111 facet than on the 
curved interface adjacent to a {111} facet, at least 
for high Te concentrations. 

Results obtained on another Te-doped crystal 
(non-active) have allowed us to estimate the value 
of Repe on a (111) facet. The end of this crystal was 
completely covered by a (111) facet. The carrier 
concentration at the top of the crystal (mass 
fraction ~(0)) was 1:6 x 1018 electrons cm?; at the 
bottom of the crystal (mass fraction ~()-75) it was 
2:2 x 1016 electrons/cm?. This indicated a Reg, of 
3-8, which agrees with the value of 3-5 deduced 
from the carrier concentration on the top slice 
and the weights of ‘Te and InSb used (it was 
assumed, as is usual, that each ‘T’e atom contributed 


one conduction electron). 


(iii) Undoped crystals 

A series of undoped crystals (R2-R15) were 
pulled from high purity indium antimonide melts. 
The InSb was purified by a method previously 
described by Hutme®) which produces n-type 
material ~1014 electrons/cm? (at 
it is not known whether these electrons arise from 
dissolved atoms of a residual donor impurity or 


with if Ry): 


from lattice defects. The seed orientation of the 
crystals was within 3° of a [111] axis. 

Carrier concentrations in slices (~2mm thick) 
cut perpendicular to the growth direction were 
measured; the variation of carrier concentration 
in a given slice was often unexpectedly large. The 
ratios of the maximum to minimum carrier con- 
centrations in a number of crystal slices are given 
in Table 1. The ratio can be as high as 15. A 
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Table 1. Uniformity in undoped InSb crystals 


Mean 

carrier Fraction of slice Ratio max Re al 

con covered by min. carrier erin 
10-18 111 > orientation conc 


Seed 
Orientation 


{ cm”) 


“I 


R2 
R3 
R4 
R6 
R7 
R& 
RY 
R10 
R11 
R12 
R12 
R13 
R14 
R15 
R26 
R31 
R19 


—a ew Pe see Un w bw 
é ° 


on a a ie om 


G2 W OOo © OO = ~) oo 
ooo > 


Ww 


Electromagnetic stirring of the melt. 


to these various (111) slices approximately [111] and [511] growth directions. 
The [111] area has a patch of high donor density 
surrounded by a region of lower donor density, 


whereas the [5] 1] area has a uniformly low carrier 


feature common 
was that the high carrier concentrations were con- 
fined to a patch which was surrounded by a region 
of lower carrier concentration. This feature 


Fic. 6. Number of electrons/cm® (+ 1044) in slices of crystals (R6, 

R15 and R12) taken perpendicular to the growth direction. Parallel 

lines denote edges of HALL constant samples. The decimal points 

mark the positions of the HALL probes for the carrier concentration 

measurements. The dotted lines represent approximately the mean 

carrier density contours; they separate patches of high carrier density 
from regions of low carrier density. 


applied to the (111) areas of slices from twinned density. Similar results were found in other 
crystals. R12 was an example of this (see Fig. 6). twinned crystals. When the whole interface had 
The twin boundary in this case roughly divided the [511] growth direction the carrier density was 
the growth face into two equal areas representing uniform. These results suggested that {111} facets 





ORIENTATION-DEPENDENT DISTRIBUTION COEFFICIENTS IN InSb CRYSTALS 


were influencing the distribution of a residual 
donor impurity, the effect being similar to that 
found in tellurium-doped crystals. 

A direct indication that {111} facets were re- 
sponsible for the high donor concentration was 
found in two crystals, R14 and R15. Slices were 
taken within 2 or 3 mm of the ends of the crystals 
on which there were centrally situated facets. The 
size and position of the facets coincided with the 
patehes of high carrier density found in the slices. 
For R15 the correlation may be seen by comparing 
the facet (Fig. 4) with the carrier densities in Fig. 
6—(R15). During the growth of R14 and R15 the 
melts were vigorously swirled, in the opposite 
direction to the crystal rotation, by means of a 
400-cycle rotating magnetic field to increase the 
stirring in the melt. In fact under normal stirring 
conditions (100 r.p.m. rotation rate), very uniform 
crystals have been pulled by growing on a [311] 
orientation and thus avoiding any large area {111} 
facets. (See Table 1, R26, R31 and R19.) 


DISCUSSION 


The results show that there is a difference of 


Rete on and off a (111) facet for Te and indicate 
that a residual donor impurity shows the same 
effect. The question arises whether this difference 
in Rete is due to a difference in k* or to a difference 
in the development of the boundary layer, (i.e. a 
difference in stirring) on and off a (111) facet. 
Consider the results on the radio Te-doped 
crystal. It might be argued that a facet partially 
covering the interface could interfere with the 
hydrodynamic flow of the liquid adjacent to the 
interface causing different boundary layer con- 
ditions on and off the facet. However, take the 
extreme case of an interface containing two 
regions, A and B, A being completely stirred and B 
completely unstirred. On A the boundary layer 
is completely removed and the concentration in 
the liquid at the interface is the same as that in the 
bulk liquid; on B the concentration in the liquid 
at the interface is 1/k* times the concentration in 
the bulk liquid. Thus the impurity concentrations 
in the parts of the solid growing behind A and 
behind B differ by a factor of 1/k*; this is the 
greatest difference which can arise 
differences in stirring. In the radio-tellurium 
doped crystals a ratio of 6:3 was found. This 
cannot be reconciled with the previously reported 


due to 


values of the distribution coefficient (0-9, 0-8 
or 0-54), It is concluded that a genuine difference 
in k* has been observed. 

We now consider the numerical values of Regs on 
and off a (111) facet for which we use the symbols 
Rete (on 111) and Rege (off 111).+ The non-active 
Te-doped crystal gave us Rege (on 111) ~3>5. 
From the results of the radio-Te doped crystal, 
Rett (on 111)/Rere (off 111) ~6-3; thus Regs (off 111) 
~()-55. This agrees with the value of 0-54 obtained 
by Srrauss@!) under similar growth conditions. 
Thus, in StRaAuss’s crystals (111) facets must have 
been absent or small—a deduction which does not 
contradict his statement that his crystals were 
direction’. 


grown “in approximately the <111 
The values of kere obtained on polycrystalline 
material (0-8 and 0-9) and the value obtained by 
MULLIN (~1) can now be readily understood; 
they are average values which depend on the 


fraction of the interface covered by {111} facets. 

Despite some uncertainty about the state of the 
boundary layer in our experiments it is possible 
to make some important deductions about the 
values k* (on 111) and A* (off 111) for Te. In fact, 
we may say k* (on 111) > 3-5 and A* (off 111) < 0-5, 
because the effect of boundary layers is always to 
make kere closer to unity than k*. Thus, k* (on 
111)/k* (off 111) > 6, a deduction which is inde- 
pendent of whether the stirring differs on and off 
a facet. If the diffusion coefficient of 'Te in liquid 
InSb (De) is equal to that of Zn, (Dz») the theory 
of BurTON et al.) and the results obtained by 
Strauss) on the variation with growth conditions 
of Rete for Zn allow following conclusions: 
k* (on 111)~4, and k* (off 111)~0-5. The 
assumption that Dye and Dzy are equal to one 
another or nearly so is plausible. If, however, Dre 
is much smaller than Dz, then k* (on 111) will 
be much greater than 4 whereas &* (off 111) will 
not be greatly altered from 0-5; this is a conse- 
quence of the theory of BurTON et al.) which 
predicts that Aege is much more sensitive to stirring 
conditions if k¥ > 1 than if k* < 1. 

Having established that &* is different on and off 


+ It is tacitly assumed in our discussion that the dis- 
tribution coefficient of Te is not strongly dependent on 
concentration and that Rerr (off 111) does not vary mark- 
edly with interface orientation once one is off the (111) 
orientation. These assumptions are essentially justified 
by the self-consistency of the picture finally obtained. 
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a (111) facet for Te, it is reasonable to conclude 
that the non-uniform carrier concentrations in un- 
doped crystals are due to a residual donor impurity 
which shows the same effect. The position here is 
complicated by the possible presence of compen- 
sating p-type impurities.t+ Compensation would 
increase the ratio of maximum to minimum con- 
centrations in a slice. The facet effect suggests that 


perhaps the residual donor is ‘Te. However, there 


are other possibilities. The divergence of the 
values found by Strauss“) and by MuLLin@®) for 
the distribution coefficient of Se suggests that Se, 
effect. Indications 
S (another donor) 


shows the facet 
that 


also a donor, 
have also been obtained 
shows the facet effect. 
The explanation of the variation of k* with inter- 
face orientation must reside in a variation of the 
exchange rates of solute atoms between solid and 
liquid on and off a (111) facet. Two models of the 
exchange process have been proposed, one by 
Hav) 'THURMOND (19), 
predict opposite variations of k* with growth rate; 


and another by These 


experiments on the variation of k* on and off a 
(111) facet with growth rate would be 
to decide which (if either) is appropriate, and 
which of the values of k* we have found for Te is 


necessary 


closest to ko. Any detailed theory must take into 
account the possibility that the growth processes 
on and off a (111) facet are different. The existence 
a (111) 


plane is slow, and involves the lateral movement 


of 4111} facets suggests that growth on 


of steps which are created either by two-dimen- 


sional nucleation or by virtue of the presence of a 


+ Many 
vacuum to eliminate volatile p-type impurities (Zn, Cd) 
The agreement between the values for Cd and Zn 
MULLIN suggest that the 


of the undoped crystals were pulled under 


obtained by Strauss and by 


facet effect is unimportant for these elements, and we 
have obtained no indications to the contrary in experience 
of Zn- and Cd-doped crystals that 


Ge show 


It is also believed 


no facet effect when used as a doping element 


and K. 
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screw dislocation. If the interface just off the (111) 
facet is considered to consist of closely spaced 
steps their sideways speed will be smaller than on 
the (111) facet. It may be that the difference in 
step velocity on and off a (111) facet causes the 
difference in k*. A more detailed knowledge of 
will 


the nature of the solid—liquid interface 


probably be needed before an exact atomic 


description of the “‘facet effect’’ can be made. 
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Abstract—NiO is an insulator, which may be made conducting by the addition of lithium oxide. 
This behaviour can be explained in terms of an energy level scheme consisting of full, localized 
Ni?* levels with empty Nit levels approximately 5 eV above them. The consequence of introducing 
lithium into the lattice is that the Li* ions are compensated by Ni** ions, giving Li* - Ni®* acceptor 
levels at approximately 0-03 eV above the Ni®* levels. Electrical conduction, which is always p-type, 
may be described in terms of a thermally activated diffusion of holes from one nickel ion to another. 
The activation energy is connected with self-trapping by the polarization induced by the hopping 
hole itself. A detailed account is given of the calculation of the energy levels, starting from the 
ionization energies of the free ions and combining them with Madelung potentials. Corrections 
are made for the polarization of the lattice and for differences in crystal field stabilization between 
the Ni ions of different valencies. Measurements of Seebeck effect and electrical resistance as a 
function of temperature and lithium concentration are discussed in terms of this model. It is shown 
that the oxygen band, lying much lower than the Ni** levels, does not give any contribution to the 


electrical conduction. 


1. INTRODUCTION 
PURE, STOICHIOMETRIC NiO is a green compound 
with rocksalt structure. Below its Néel point 7’) 
523°K the lattice is slightly distorted to give a 
rhombohedral cell with « = 60°6’ at room tem- 
perature.) It is an insulator with a specific re- 
sistance p > 5x 10144 Q c.m. 

NiO is antiferromagnetic, the spins in one 
particular set of succeeding (111) planes being 
antiparallel..3.4) When the composition of the 
compound deviates from stoichiometry or when 
some lithium is built in in the lattice it becomes a 
semiconductor with specific resistances down to 
10-1 Q cm at room temperature. Then it is a 
black substance, the unit cell decreasing slightly 
with increasing lithium content as a consequence 
of the difference in ionic radius between Ni* 
and Ni®+ ions.®>® In this paper we restrict our- 
selves to concentrations smaller than 20 at. per 
cent lithium. 

By the simple energy-band theory NiO should 
be a conductor as it has an incompletely filled 
3d-shell. It is found, however, to be an insulator. 
It was concluded therefore by VERWEY and DE 
Borr’?:8) and by Mortr® that the collective 


electron treatment as used by BLocH and WILSON 
is not a good approximation in this case, but the 
HEITLER-LONDON approximation, starting from 
atomic wave functions, should rather be used here. 

According to VERWEY and DE BoerR":8) it is a 
necessary condition for conduction to take place 
that there are ions of the same element but of 
different valency at crystallographically equivalent 
lattice points. In pure stoichiometric NiO this 
can be achieved by the reaction 2Ni?+—> Nit 
+Ni’+, This needs, however, a large energy, so 
that at normal temperatures such an exicted state 
does not occur. Therefore NiO is an insulator. 
It is also possible to get Ni*®* ions in the lattice 
by making Ni vacancies or adding some LisO to 
the substance. Each singly charged lithium ion 
is then compensated by a Ni** ion (‘controlled 
valency” )), In this model, a certain activation 
energy is necessary for conduction, as the positive 
holes are attracted to the Lit ions, which have an 
effective negative charge. As soon as the hole is 
freed, no activation energy was thought to be 
necessary for the transport. ‘This assumption is 
not, however, in agreement with the experiments, 
as will be discussed in this paper. 
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We show that the idea of HEIKES and 


JoHNsTon™® that conduction should be con- 


will 


sidered as a thermally activated diffusion process 


is correct. According to these authors the activation 


energy is a consequence of the self-trapping of 


the moving hole by its own polarization field. 
It is, however, important to realize that in general 
the activation energy is built up from two parts, 
viz. loosening energy and a transport term. The 
former depends on the distance between the 
transport level and the acceptor levels, the latter 
is determined by the self-trapping. The former 1s 
small when the acceptor distance is small, the 
latter is small when the charge carriers move 
fast. 

In this paper the conduction process will be 
discussed in terms of an electronic energy level 
scheme (Fig. 7), as has also been used by 
Morin@112) and by JONKER”?), As will be dis- 
cussed later in this paper, the mobilities » of the 
charge carriers are very low and increase exponenti- 
from 


ally with temperature. Besides it follows 


measurements of the Seebeck effect that the effec- 


tive number of available states equals the number of 


ionic sites, viz. 5:5 x 10?2 cm Therefore a 
description of the conduction in terms of bands 
does not apply. Essentially we have here localized 
full Ni levels. A localized 


energy level is one in which the wave functions 


levels and empty Ni 


of the cations overlap so little that a certain energy 


is required for a hole (or an electron) to jump from 


one level Lit - N2 


are lying at a distance Ey, above the Ni? 


to another. acceptor levels 
levels. 
The distances in this energy level scheme will be 
calculated or experimentally determined. 
Morin?) has previously suggested that the 
acceptor is not a Li?* ion but a Ni? 
a Lit ion. This author assumes, however, that the 
Li Ni? 


only but to some extent also by O~ ions, that is to 


ion next to 


ions are not compensated by ions 
say he assumes the oxygen band to be not far 
below the Ni?" 


in this band also, at least at low lithium concentra- 


levels so that there are some holes 


tions. As the mobility in the oxygen band is 
assumed to be high (10-100 cm?/V with 
respect to that in the Ni°* levels, a small number 
of holes in this band would suffice to explain the 
conduction. We will show, however, in this paper 
that conduction in an oxygen band does not take 


sec) 


place. 
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Though many measurements on NiO have been 
reported, it seemed worth while to remeasure the 
conductivity and Seebeck effect as a function of 
temperature and of lithium concentration, since 
much of the older work is either incomplete or 
made on ill defined samples. The thermal con- 
ductivity A has also been measured, since it was 
suggested@4) that the system Li,Nig_z)O should 
be a good material to use in a _ thermoelectric 
generator at high temperatures. The efficiency of 
generator depends on the figure of merit 


Z 62a/A 


such a 


of the material used, where @ is the Seebeck co- 
efficient, o the specific electrical conductivity 
and A the thermal conductivity. The measurements 
of the thermal conductivity are reported else- 
where.) It was found that A decreases sharply 
with the first per cent lithium added to the NiO 
and then gradually levels off. A linear relationship 
is found between the mean Li—Li distance in the 
lattice and the mean free path of the phonons 
L2 for phonon-impurity scattering. As it is to be 
expected that Le is independent of temperature A 
for large Li concentrations will not follow a 
1/T law. When, however, it is assumed that A 
does follow such a law an upper limit for Z can 
be calculated. It is shown 5) that for a lithium 
3x 10-4 at a 


temperature, 


concentration of 15 per cent Z - 
1100°C. At this 


however, Li evaporates from the substance at a 


temperature of 


considerable rate. Therefore Li,;Ni_,,O is not 


such a very useful material for thermo-electric 


generation. 


2. EXPERIMENTAL 
2.1 Preparation 

LizNiji-z)O was prepared by firing an intimate mix- 
ture of LisCO3 and NiCOgs at 900°C. After milling the 
product obtained, it was pressed into bars or discs and 
fired at 1200°C for 3 hr in air in a covered platinum 
crucible. The density of our samples varied from 75- 
95 per cent of the theoretical value. Best results were 
obtained with hydrostatically pressed samples. Using 
no binder and a pressure of 10 tons/cm? the density of 
the probes after pressing was about 77 per cent of the 
theoretical value and this could be increased to about 
95 per cent by firing in the usual way. 

Measurements were made on four series of 10 samples 
each varying in composition from 0-005 per cent to 20 
per cent Li. After all the measurements were finished 
these samples were analysed for Li and Ni?* content. 
For a few samples the agreement between Li and Ni®* 
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content was not satisfactory and the results obtained 
from these samples were therefore disregarded. 
The pure NiO samples were fired at 1550°C, the 


density varying from 88 per cent to 95 per cent. They 


were always cooled from temperatures of 800°C in an 
atmosphere of Ne to prevent oxidation of the samples 
at lower temperatures. 


2.2 Seebeck effect 

For the high-temperature measurements of the See- 
beck effect bars were placed between two platinum 
blocks in a furnace with a strong temperature gradient 


Fic. 1. Seebeck effect as a function of absolute tempera- 
ture for samples containing different amounts of lithium 


Pt-PtRh thermocouples were welded in the Pt blocks. 
The Seebeck effect was measured between the Pt wires. 


For the low-temperature measurements copper blocks 


were used, which were placed in a glass tube cooled 
with liquid nitrogen. 

The thermo e.m.f. was measured with a Philips pH 
meter with an internal resistance of 101242 when the 
resistance R of the bars was very high, and with a bridge 
circuit when R was low. 


log(€/r) | 


4 | 


Fic. 3. 


LizNi1-2z) O 9 


In Fig. 1 is plotted the Seebeck coefficient @ in pV/°C 
as a function of absolute temperature for samples with 
different lithium concentrations. As a consequence of 
the high resistances of the samples the Seebeck effect 
at low temperatures could be measured only of samples 
with high lithium The concentration 
dependence of @ at room temperature is shown in 
Fig. 2. 


concentrations. 


2.3 Specific resistance 
The specific resistance was measured in most in- 
stances using the potential-probe method, sometimes 


with and a.c.-bridge method or directly with d.c. when 


Fic. 2. Seebeck effect at 40°C as a function of Ni+ 


concentration X. 


the resistance very high. Graphite or In-Hg 


amalgam was used as the contact, as VAN UITERT(‘®) had 


was 


done in his investigations on ferrites. 

In Fig. 3 the temperature dependence of the specific 
resistance p for some of our purest NiO samples is 
plotted. The temperature 
LizNij1-z)O at several Ni® 
Fig. 4. The dependence of p on the Ni** concentration 


at room temperature is given in Fig. 5. 


dependence of p for 
concentrations is shown in 


26 28 #30 32, 
——> 104/r (°K) 


Temperature dependence of specific resistivity for 


several samples of pure NiO. T'y is the Néel point. 
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for samples containing different amounts of lithium. 


4. Specific resistivity as a function of temperature 





resistivity at room 


Ni 


5 Specific temperature 


function of the concentration 


3. CALCULATION OF THE ENERGY LEVEL 
SCHEME 
For a discussion of the conduction mechanism 
in NiO it is important to have some insight in the 
energy the lattice 
is built up from Ni®*+ and O*> ions, the location 


level scheme. Assuming that 
of the energy levels has therefore been calculated 
starting from the ionization energies of the free 


ions and combining them with the Madelung 


potential, 24-13 eV. This is shown in Fig. 6(a). 
For the second and third ionization energies of 
nickel the values given by FINKELNBURG and HuM- 
BACH(!?) 18-15 eV 36-10 eV 
respectively; for the electron affinity of oxygen a 
value of —9-Oe\ 
NiO is 4-176 A. 


are used, viz. and 


is used. The lattice constant of 
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To improve the result a correction should be 
applied for the polarization of the lattice and a 
smaller correction for the difference in crystal 
field stabilization of the Ni ions with different 
valency state. In Figs. 6(a) and (c) the different 
energies that contribute to the final positions of 
the energy levels are plotted. Zero point of the 
energy scale is taken as the energy of an electron 


E(eV) 


A 5 


Free 


Madelung 
< Jentia 
-40 Hos ent 


Divided by 
ve/e c const 
Fic. 6. Calculation of the electronic energy level diagram 
in NiO. In (a) the ionization potentials are combined 
with the Madelung potential. In (b) the result of (a) is 
divided by € and in (c) the result of (a) is corrected for 
polarization energy and crystal field stabilization. 
at rest in vacuum. It will be made clear by means 
of an example why some contributions are positive 
and others negative. Let us see how much energy 
it takes to bring an electron from a filled Ni? 
level to infinity, that is consider the reaction Ni?*+ -> 
Ni®++e-. Naturally this costs the third ionization 
energy of nickel, but one gets back the Madelung 
energy because a Ni®*+ ion is bound much tighter 
in the lattice than a Ni?+ ion. Moreover, polariza- 
tion energy is gained because the excess charge 
on the Ni® 


lattice point that polarizes its surroundings. The 


ion agrees with an excess charge in a 


energy level does not shift as a consequence of 


differences in crystal field stabilization because 
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Ni?* ions happen to be stabilized as much as Ni** 
ions. 

In an analogous way one can understand the 
band and the Ni‘ 
>O-+e 


positions of the O? levels, 


by considering the reactions O? and 
Ni2++e- > Ni. 

A very simple method of obtaining a polariza- 
tion correction was used by Morin“*) who divided 
the energy differences obtained from the com- 


bination of ionization energies and Madelung 


potential by the dielectric constant ¢€, using a 
value « = 5. He points out, however, that a value 


of « = 10 seems to be more appropriate. Lately ®) 


a value for the dielectric constant of « 12 


IN LizNii-2z)O 11 


which the crystal is considered as a medium of 
uniform dielectric constant with a cavity in which 
the excess charge is located. The difficulty in this 
method is how to make a proper choice of the 
form and the dimensions of this cavity. When a 
spherical hole of radius R is chosen, the polariza- 
tion energy W is given by the equation 


W = (e?/2R) (1—1/e) 


(1) 


Using for R the ionic radius one calculates for W 
the values given in Table 1. A feature of this 
method is that the dipole-dipole interaction is 
implicitly taken into account. As it is not certain 


that the value of the ionic radius should be used 


Table 1. Polarization energies calculated with Yost’s method. 


Value of dielectric constant 
Excess charge on nickel 
Excess charge on oxygen 


5-4 18 


Table 2. Polarization energies calculated with the method of Mor' 
and LITTLETON. 


Excess charge on Ni 
Excess charge on O 


was reported, and as we assume that Morin would 
have used this value if he had known it when he 
made his calculations, the result of his method 
using this value for « is plotted in Fig. 6(b). ‘The 
energy difference between the oxygen band and 
the Ni2* levels and between the Ni Ni? 
levels is 0-25eV and 1-75 eV respectively. No 


and 


matter what value for e« is used, however, we do 
not think that this method can be justified theoreti- 
cally. Especially the ionization energies, which are 
specific free-ion properties, should not be divided 
by «. 

We therefore think it better to add correction 
terms for the polarization of the lattice. A simple 
way in which a rough idea about this correction 
can be obtained is given by Yost’s method,@® in 


With ionic Rigid lattice 


displacements 


5‘O0eV 
3-1 eV 


6S eV 
4-4eV 


for R, the results obtained with this method were 
not used. 

A more satisfactory method is that indicated 
by Mort and LitrLeron®®. Here the dipoles yu 
on all lattice sites induced by an excess charge at 
a point Q are calculated. As the “0 approxima- 
tion’’ the magnitudes of these dipoles are calculated 
assuming the crystal to be a continuum. In cal- 
culating the effect of all these dipoles on the excess 
charge, however, the crystal is considered as an 
array of point dipoles at lattice sites. In the first 
approximation the six nearest neighbours are con- 


A detailed account of these 


sidered separately. 
calculations is given in the appendix. The result is 
Table 2. 


One should realize in considering these values 


shown in 
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that, though we believe the method by which they 


are calculated is essentially correct, the true 
values may differ somewhat from the values in- 
dicated, as a the fact that the 
exact values for the polarizabilities are not known. 
In Fig. 6(c) the effect of these polarization energies 


on the location of the enc rgy levels is indicated. 


consequence ot 


Another important point to consider is the differ- 
ence in crystal field stabilization between Ni 


Ni2+ and Ni 


sequence of the splitting of the originally five-fold 


ions. This stabilization is a con- 
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above is valid between the Ni?+ and Ni*+ ions 
as between the Ni** and Ni* ions, though in oppo- 
site direction. In this way for Nit Dg = 580 cm=! 
and for Ni®+ Dg = 1300 cm~! is obtained. 

In order to calculate the stabilization energies 
it is necessary to know whether the Ni** ions are 
in a weak field (high spin state) or in a strong 
field (low spin state). As may be seen from ‘Table 
4, the stabilization in the former case is 8 Dg and 
in the latter 18 Dg. For Ni* and Ni** ions there 


is no difference. 


Table 3. Crystal field splitting in octahedral fields for transition 


metal ions. The values given are Dg in cm 


1390 
1860 1720 
1180 
1800 


1400 
1760 


1230 
2100 


2100 


l . 


840 
1920? 


1000 


1000 
1400 


750 


Table 4. States and energies in octahedral fields. 


Weak field 


Number of 
3d electrons 


Valency 


state 
Configuration 


degenerate 3d levels in three lower de levels and 
two higher dy levels. The value of the splitting of 
the dy and de levels (10 Dq) for Ni2 
be obtained from the absorption spectrum of a 
thin foil of polycrystalline NiO. The result Dg = 
870 cm~! is in good agreement with values reported 


ions could 


Ni®* is, however, not known. As may be seen from 
Table 3 the ratio between Dg values for transition 
metal ions in the 2 and 3 valency state is approxi- 
mately 1-5; values for monovalent ions are not 
known. We suggest that the same ratio as given 


Strong field 


Stabilization Configuration Stabilization 


6 Dq € 63 
12 Dq 
8 Dq iy] 


6a,2 
ey" 
/ 


18 Dq 


TANABE and SuGANO®%) calculated the energy 
diagrams for transition metal ions. From the 
diagram for d’ one can see that the ground state 
goes from de® dy? to de® dy! at a value of approxi- 
mately Dg = 2100 cm-!. As this value is appreci- 
ably larger than the value we suggest for Dg, 
we assume the Ni** ions to be in a high spin state. 

Now the crystal field stabilization for the three 
valency states may be calculated as 

Nit 0-4eV 
Ni2+ 1-3 eV 
Ni3+ 1-3 eV 
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From these values it is seen that only the Ni*-level 
in the energy level diagram shifts upwards over 
a distance of 0-9 eV as is indicated in Fig. 6(c). 

We find as a result of the calculations described 
in this section that the distance between the Ni? 
and the Ni* levels is approximately 5-4eV. A 
value of 5-3 eV is found for the distance between 
the O2- band and the Ni?* levels. One should 
realize that the oxygen band has some width, so 
that the distance between the top of the O?~ band 
and the Ni** levels is less than 5-3 eV. 


E 


—Ni* levels empty 


Fermi level 





— accepter levels 


— Aj; 4 , 
Ni** levels 


—_— ee .0= band, full 


Fic. 7. Energy level scheme at an arbitrary scale. 


4. DISCUSSION 

4.1 Discussion of the energy level scheme 

The energy level scheme is redrawn in Fig. 7. 
The energy of the Ni?*+ levels is taken as a zero 
point of the energy scale in this figure. As stated 
in the introduction the Ni2+ levels are localized, 
as probably are the Ni* levels. As no conduction is 
found in pure NiO as a consequence of the large 
Nit—Ni?+ level distance there is no experimental 
evidence for localization of the Ni* levels. Due 
to differences in Madelung energy a Ni** ion 
next to a Lit ion gives rise to a Lit Ni®* acceptor 
level at some distance Eg above the Ni** levels. 
It is very difficult, however, to calculate an exact 
value for Ey. In the next section we will discuss 


how £, can be determined from measurements of 


the Seebeck effect at low temperatures. ‘The 
position of the Fermi level Ey depends, of course, 


on the temperature. 

4.2 Discussion of the measurements of the Seebeck 
effect 
The Seebeck effect @ is given by the equation 


6 = (1/eT) (ART + Ep) (2) 


LizNii-z)O 
where Fp is the energy of the Fermi level (Fig. 7) 
and ART is a term representing the transport of 
kinetic energy. In oxides ART is usually of the order 
of a few kT and may often be neglected, as 
JONKER"®) showed for the case of cobalt ferrite. 
Ep is either given by 

Ep = 4kT 1n (p9/Ca) +4 (3) 
or by 

Ep = kT \n(p®/Ca) (4) 

where Cq is the number of acceptors per cm’, 
p® is the number of available states, which is 5-5 » 
1022—2Cq per cm for NiO and Eg is the energy 
difference between the Ni?* levels and the acceptor 
levels (Fig. 7). Equation (3) holds when 


4(Cq/p®) exp (Ea/kT)| > kT (5a) 


i.e. When £,y is large, or when though Ey is small 
the temperature is very low and the acceptor con- 
centration high. Equation (4) holds when 


14(Ca/p°) exp (Ea/kT)| < kT (5b) 


kT or when Cq/p°<l. 


. when Eq 


Fic. 8. e#T as a function of absolute temperature for 
pure NiO, 


The distance of the Fermi level Lp (Fig. 7) 
above the conduction level is in general given by 
eOT = ex, where zw is the Peltier coefficient. 
Therefore a plot of e#T as a function of 7 shows 
the variation of Ey. At high temperatures Ep may 
nearly reach the intrinsic value. In that case it 


depends on the relative values of the mobilities 
of the holes and electrons whether e#7 reaches 
Ep and stays there or whether it goes down to 
zero at last. The latter is the case when the mobili- 


ties of holes and electrons are the same. 

Figure 8 gives the variation of e#7 with 7 for 
pure NiO. The horizontal part at 1 eV suggests a 
considerable level density at 2eV above the 
Ni?+ levels. Mortn{?) concludes from analogous 
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measurements up to 1300°K that the distance 
between the oxygen band and the Ni* 
2eV. We find, however, that e@7' rises 
temperatures above 1300°K, indicating that the 


e6T is 


lev els is 
again at 


stationary part of not due to intrinsic 


properties of NiO but rather to unknown acceptor 
levels of accidental impurities of other crystal 
imperfections. We therefore attribute the small 


conductivity (10-14Q-!cm~!) still present in 
our purest samples to these unknown impurities. 
It is seen from Fig. 1 that for Li doped samples 6 
increases with decreasing temperature in the low 
temperature region as a consequence of the term 
1/2 Eq in equation (3). From this temperature 
dependence a value for Eq can be calculated as 
Eq = 0:035 eV. 
at temperatures only a little above room tempera- 


It follows from this result that 


ture all acceptors are ionized and the number of 
holes in the N? Cy. A similar low 


value of E, is found in other oxidic semiconduc- 


levels is Pp 


tors. 

This result is not in agreement with Morin’s(@?) 
assumption that part of the conduction takes place 
in the oxygen band. For in that case Eq would be 
as much larger as the distance between the O?- 
band and the Ni? 


increase of 6 with decreasing temperature. This 


levels, giving a much sherper 


distance is calculated using Morin’s method as 
0-25 eV 


ot « 


when a value for the dielectric constant 


12 is used. Moreover this same distance 
give an extra contribution of approxi- 
400uV/~C to the Seebeck effect at normal 


temperatures (equation 4). 


would 
mately 
It is found, however, 
(Fig. 2) that the experimental points can be re- 


presented by a straight line 


G 0-6 Rie 1-1(k/e) In( p®/¢ a 


and this result agrees very well with that expected 
from equation (3) 

As the sign of the Seebeck effect is positive for 
all concentrations, the conduction is assumed to 
be p-type, though strict evidet ce tor the sign ol 
the charge carriers can be obtained only from 


Hall effect, 


up to now not be measured. 


measurements of the which could 


After comple ting these measurements we learned that 
HEIKES 


of the 


made independently analogous measurements 
Seebeck effect at low temperatures with similar 


results 


HOUTEN 


4.3 Discussion of resistivity measurements 
The resistance as a function of temperature is 
given by the equation 


p = p, exp (q/RT) (6) 


defining an activation energy g. As HEIKEs and 
JOHNSTON") pointed out, however, it is better to 


use the equation 


p = p, Texp(q/kT) (6a) 


the inclusion of 7 being a consequence of the fact 
that conduction in NiO may be considered as a 
diffusion will be discussed later in 
this section. The equations (6) and (6a) give some- 


what different results for g only at high tempera- 


process, as 


tures when used over a large temperature range. 


Fic. 9. Activation energy as a function of Ni®* con- 


centration. 


From Fig. 3 it is seen that the activation energy 
at low temperatures is about 0-5 eV and at high 
temperatures 1-0 eV in NiO. The 
transition takes place at temperatures near 
Ty 523°K, the Néel temperature of NiO. It is 
seen that the transition temperature differs for 
different samples, probably as a consequence of 


about pure 


small differences in heat treatment. Such a transi- 
tion at about 7'y was found also for MnO, CoO 
and CuO by Herkes and JoHNsToNn"®), who 
attributed this to a change in elastic properties of 
the crystal. In the near future we will study the 
occurence of this and other kinds of anomalous 
behaviour of the resistivity as a function of 
temperature in NiO and other oxidic compounds 
more extensively, as we expect this to give more 
insight in the conduction process and its relation 
to the magnetic properties. 

The dependence of the activation energy q 
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measured in the temperature range 300-500°K 
on the Ni®+ concentration x in LizNiq_z)O is 
shown in Fig. 9. It is seen that g at first decreases 
sharply with x and later much more slowly. This 
behaviour is not in accordance with the original 
idea of DE Boer and VeRwey") that activation 
energy is loosening the hole from the lithium ion, 
for then a more gradual decrease of q with x is to 
be expected and a zero activation energy should 
be found for x ~ 10 per cent, as then each Ni ion 
has at least two Li neighbours. Moreover, in that 
case g should be 1/2£q, but it is found that q is 
0-1-0:2eV and Eg is only 0-035 eV. Therefore 
q is assumed to be a mobility factor rather than 
one of carrier concentration. g is thus connected 
with the activation of the jumping of a hole between 
“normal’’ Ni ions. 

HEIKEs and JOHNSTON"®) were the first to 
point out that g is a consequence of self-trapping 
by the polarization induced by the hopping hole 
itself. For such a polarization potential to be set 
up, a hole must reside on a given lattice site for a 
time 7 that is comparable with or larger than the 
vibrational period 79 of the lattice, which is usually 
of the order of 10-!° sec. If this model is right, 
the wandering of a hole through the lattice can 
be treated as a thermally activated diffusion process 
with a mobility 


e dvg exp (—q/RT) 
kT 


p= (7) 
where d is the shortest interatomic distance be- 
tween two Niions and vp = 1/79. As g asa function 
of Ni®+ concentration x is known, p(x) can be 
calculated when the exact value for vg is known. 
This value for vo can be obtained, however, by 
comparing the mobilities p(«) obtained from 
equation (7) with the mobilities calculated from 


pe = 1/pep (3) 
where p = Cg. The specific resistivity p as a 
function of Ni®+ concentration x is known (Fig. 
5). Combination of the mobilities found from the 
equations (7) and (8) gives a value for vo of 
1-1 x 1012 sec-! for the whole concentration region. 
This value is quite satisfactory as compared with 
the value for the vibrational period of the lattice, 
which may be calculated from the Debije tempera- 


ture, 410°K 6) as vo = 8-5x1012sec-1. The 
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mobilities at room temperature calculated in this 
way vary from 2x10-> to 60x 10-5 cm?/V sec. 
The absence of a measurable Hall effect is also 
in accordance with these low mobilities found. 
Such a behaviour is also found in other oxides. 
JONKER"!8), for instance, found values of vg varying 
from 6:5 x 1012 sec"! to 1-0 x 1014 sec-! in cobalt 


ferrite. 


5. CONCLUSIONS 

The important point with transition metal 
oxides of the NiO type is, that there is no 3d-band, 
but localized 3d*”-levels, where x has a value 
appropriate for the oxide under discussion. In 
the case of NiO one has full 3d8-levels (Ni**+-levels) 
and empty 3d9-levels (Ni*-levels). As a conse- 
quence of the large distance between these levels 
intrinsic conductivity at normal temperatures is 
absent. Conduction is a consequence of an 
electronic transition from the full Ni?*-levels to 
acceptor levels, e.g. Lit - Ni?* levels, when lithium 
is added to the substance, or - Ni2 
when nickel vacancies are made in the lattice by 
annealing NiO in oxygen (Fig. 7). 

As we have seen, pure NiO is a very poor 
conductor, the small conductivity still present is 
probably a consequence of accidental impurities 
giving acceptor levels at a high distance above 
the Ni?* levels, e.g. 1-2 eV. ‘This may also explain 
the large activation energy found for pure NiO 
and the sharp decrease in the activation energy 
when some lithium is added to the substance. In 
pure NiO the activation energy is largely due to 
the energy needed to ionize the unknown acceptor 
» Ni2 
acceptor levels is present, practically no energy is 
needed to ionize these acceptors and the activation 
energy actually found is a consequence of the self- 


levels 


levels, but as soon as a small number of Li 


trapping of the moving holes. 

It is concluded from theoretical as well as from 
experimental arguments, that Morin’s"?) model, 
assuming part of the conduction to take place in 
the oxygen 2p band, cannot be right. This author 
considers two extreme situations: (a) NiO doped 
with so much lithium that only holes in the Ni? 
levels contribute to the conduction, and (b) NiO 
so pure, that holes in the oxygen 2p band pre- 
dominate in conduction. Now one cannot under- 
stand why in the former situation no electrons 
from the oxygen band can be activated to the 
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acceptor levels, when in the latter case electrons 
from this band can be activated to the Ni*-levels. 
Moreover, intrinsic conduction is highly im- 
probable. As discussed in Section 4-3, conduction 
in an O2- band should give an extra contribution 


to the Seebeck effect and this is not found. 


7 i 
iCRNO? le ag 


G.H 


are also due to Dr 


thank Dr. 
Thanks 


\. Brit for making the optical meas- 


The 


JONKER for many stimulating discussions 


ements author wishes to 


urements and to Mr. J. Visser for the chemical analysis. 


APPENDIX. CALCULATION OF THE POLARI- 


ZATION ENERGY 


The polarization P at a distance r from Q is given 


HOT HNi 
P 9 2 ) (I 
2a? 4rr* 


1 /e) (9) 


where po and pni are the dipole moments on an oxygen 


ion and a nickel ion respectively, a is the shortest 


1 O and Ni 


atomic distance 


inter- 


between and « 12 is the 


dielectric constant 
The dipole moments are given by 
Lo Eere(xo + 4e p) 
(10) 
Eett(%ni+4e*/p) 


PNi 


where Eerr is the effective polarizing field and « is the 
electronic polarizability; p is a repulsive force constant 
which will be discussed later. The values of «0 and ani 
using the equations given by 


may be calculated 


PAULING 


Ro Rx i 


L0/%Ni 


where n is the refractive index, taken here to be 1/5-4; 
R is the For Ro/Ryi a value of 10 
was used, being the value found in aqueous solutions 

In this the the 
polarizabilities were obtained: 


ag = 2°34 Ae 


0-23 A: 


mole refractivity. 


way following values for electronic 


LNi 


Mott and LItTTLeTon'?®) have shown that the value of 


the constant p mentioned above is given by 


2A4e? 
<P (1/p d/a (13) 
Ja~ 
where A is the Madelung constant and p the repulsive 
960 for the 
1°42 A?. 


8 


exponent. Using a value of kcal/mole? 


lattice energy to calculate p, we obtain 4e?/p 
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Combination of the equations (9) and (10) gives for 
the dipole moments 


Lo Mo ea® v2 and Ni Myx; ea |y2 (14) 


where 


LO 4e2 
Vo : 


9 


(1—1/e) 
3(%0 + ani) +4e?/p 


Mvyi being given by an analogous equation. 
The potential ¢; at the point O due to a dipole py; 
at a distance r is 


(16) 


potentials of 


9 
dy = pLe/7° 
The potential energy resulting from the 


all the dipoles is given by 


W = leS dy 


-$ e2/a[Moa*> 1/74, + Myja*> 1/rNi] (17) 
O Ni 
. 
where ~ 


oO 


> 
denotes a sum over all oxygen ions and = 


a sum over all nickel These summations were 


calculated by JoNEs and INGHAM(?9), When the 
charge is located at an oxygen ion or at a nickel ion the 


10Nns. 


excess 


result is respectively: 
Wo a e 2a[10-1977 My; = 6°3346 Mo] 


Wy; - e?/2a[ 10-1977 Mp +6:3346 My; 
18) 


These equations for the polarization energy (the ‘‘Ot® 
approximation’’) may be improved by considering the 
six nearest neighbours of the ion in question separately. 
When the excess charge is located on a nickel ion the 
dipole moments of the six oxygen ions surrounding it 
are a consequence of the field resulting from: 

(1) the excess charge on the nickel ion, the field being 
e/a” 
(2) the field of the five other oxygen dipoles, 


371 1) /a3 (19) 
(3) the field of all the other dipoles, 


Et = —e/a2(0-388Mo+1:965My;) (20) 


So the dipole moments of the six oxygen ions are 
‘ 2 Ja24+. FI ae ? 
(a9 +4e?/p) (e/a*+ E+E, ) (21) 


Similar equations hold when the excess charge is on an 


Ho 


oxygen 
In this approximation the polarization energy is given by 


Wo = —e?/2a[4-1977 Myj +6°3346 Mo] — 3p ye/a” 
Wxi = —e2/2a[4-1977 Mo + 63346 Myj]—3u,¢/a 
(16) 


In still higher approximations the same process is carried 


i0n. 


out for next nearest neighbours and so on. We restrict 
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ourselves to the first approximation as the exact values 
for the polarizabilities are not known. A small extra cor- 
rection is made, however, for the fact that the radius of a 
Ni®* ion for instance is 0:06 A smaller than that of a Ni? 
ion.'9) We assumed that as a consequence of this smaller 
radius the nearest neighbours shift over a distance of 
0-03 A giving a small extra contribution to the polariza- 
tion energy. The same correction is applied for the fact 
that a Ni* ion and an O~ ion are larger than a Ni** ion 
and an O?~ ion respectively. 

The same calculations were carried out for the simpler 
case of a rigid lattice, which is of importance for optical 
processes. In this case one should take € = n? and 4e?/p 
in the equations given above. 
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Abstract 


Precision lattice spacing determinations have been made on well crystallized specimens 


throughout the system, and the diffuse reflectivity of the samples measured. ‘There is no anomaly 


at 8 mol per cent CreQO3 as found by earlier workers, the change in both the colour and the crystal 


field surrounding the chromium 


ions being continuous and smooth, though changes in the 


crystallographic environment of these ions cannot be followed in detail. Atomic parameters have 


been obtained for pure chromic oxide, revealing that the structure is rather less distorted than the 


similar structures of «-alumina and a-Fe2O3 


INTRODUCTION 
\FTER many years of widely dispersed and con- 
flicting experimental activity, it has now been 
qualitatively established that the colour change 
from ruby red to chromic oxide green in the solid 
solution series AloOg—CroOg is due to a gradual 
shift of the absorption band structure with chrom- 
by changes in the 


lum content, brought about 


1 field 


>) 


crysta in which the chromium ions are 


placed. 

The present work originated in a study of lattice 
spacings designed to determine the composition 
of 


cermets; 


the ceramic phase in chromium—alumina 


considerable quantitative differences 
were found between the published lattice spacing 
data (on which the discussion of colour had been 
based) and that found experimentally. In view of 
the importance of ruby in maser techniques, and 
its low-temperature 


to 


possible application as a 


thermometer,") it was thought worthwhile 


and to 
in the 


system 


present the new data on lattice spacings, 


correlate it with the absorption structur¢ 


visible iO! the complete 


AloOxg CroQs. 


Historically, the optical properties 


region, 


of ruby have 
been re¢ garded as anomalous. The solution of green 


CreaQg in colourless alumina was not expected to 


nd the fact that red solid solutions were 


reversibly on heating was not 


18 


understood. A change in oxidation state of the 
chromium ion to account for the colour change 
was ruled out by magnetic and other studies, and 
a connection between the colour change and the 
antiferromagnetic exchange coupling which occurs 
in CreQOg is excluded by the composition at which 
the colour change occurs—the magnetic change 
occurs near 100 per cent CreO3 at room tempera- 
ture, while the colour change occurs at about 
30 per cent CrgO3. Other hypotheses which have 
been put forward include the colloidal distribu- 
tion of CreOg particles in the alumina, and the 
existence of two phases in the system, the one red 
and the other green.) ‘The latter was supported 
by X-ray evidence, and has been quoted as re- 
cently as 1951, in spite of considerable evidence 
that the substitutional solid solution extends from 


0-100 per cent.(7,8,9 


SAMPLE PREPARATION 
Morgan’s pure calcined alumina powder No. 


932, and commercial chromic oxide powder 


supplied by Hopkin and Williams, were used in 
the purity of the alumina was 
()-25 


this investigation; 
99-75 per cent, the major impurity being 
The is 0-007. The chromic 
oxide was 99-3 per cent pure, containing ~0:1 
with 


alkalis. iron content 


per cent FegO3 and 0-15 per cent AlgOs, 


():2 per cent water. The accurately weighed 
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powders were intimately mixed in the desired 


proportions in a mechanical agate mortar, using 
toluene as a lubricant. After drying, the powders 
were pressed at 30,000 p.s.i. in a 3” steel die to 
form pellets weighing about 3 g. These were fired 
four at a time in covered alumina boats in an 
electric furnace, atmospheres used being air and 
argon; the firing schedules are given in Fig. 1. 


(absolute) - mol % 


mol % 
Fic. 1. Fabrication variables. 

Since most of the difficulties of the previous 
workers‘?! seemed to be centred around in- 
homogeneity and poor crystallization of the solid 
solutions, as judged from the scatter of the X-ray 
results, a portion of each specimen was given a 
hydrothermal treatment in a simple sealed steel 
bomb at 800°C and 5000 p.s.i. for 35hr.¢) This 
resulted in a slight improvement in the X-ray 
patterns, so these were the samples used in the 
work. 

All specimens were analysed for Cr2O3 by the 
A.S.T.M. method for analysing chrome ores and 
refractories,!2) except that the initial fusion with 


NagOz was carried out in a platinum crucible 
lined with NagCO3. Thanks are due to Miss B, 
TERRELL for the analyses. 


SINTERING AND PHYSICAL PROPERTIES 

The ratio for observed to theoretical density, 
and the chromic oxide loss by volatilization, are 
given in Fig. 1 as functions of composition. 
Although the relative densities were not very 
high, all the samples produced hard, strong com- 
pacts without the use of a flux (cf. WILDE and 
Rees'9)), It will that the chromic 
oxide loss does not increase in proportion to the 


be observed 


amount present, and that the loss is reduced by 
sintering in argon. The former finding does not 
accord with the results of WARSHAW and KEITH?) , 
but the difference is probably due to the fact that 
our specimens were covered. The relative density 
attained seems to depend as much on the com- 
position and the furnace atmosphere as on the 
time and temperature of firing, and there is some 


Fic. 2. Representative Nelson—Riley lattice spacing 
extrapolation curves. The samples are (a) Pure Cr2Osz 
(well crystallized) and (b) 22 mol per cent CreO3-78 
mol per cent AlgOs (poorly crystallized). The extrapola- 
tion is weighted according to the angle and the intensity 


of the reflections. 
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parameters a and c for 


Unit 
AleO 


cell 


solid solutions 


volumes and axial 
CreQz solid solutions. 


GRAHAM 


\loO3-CroO3 


ratios 


for 


correlation between the relative density and the 
chromic oxide loss. 

Significantly, the specimens whose composi- 
tions lie near the minimum of the relative density 
curve are those for which the X-ray patterns are 
least sharp. Diffusion rates must be lower here 


than near the extremes of the system. 


LATTICE SPACINGS 

The sintered compacts were broken in a per- 
cussion mortar and ground in an alumina mortar: 
X-ray powder patterns were obtained in a Philips 
11-46 cm camera using CuKzs radiation, as no 
longer wavelength tube was available. Measure- 
ments were made on eight or nine back-reflection 
lines (from (3, 1, 10) to (3 3 6)) to reduce the ran- 
dom errors which appear when reliance is placed 
on only three reflections. The “‘l’”’ indices varied. 
from () to 15, giving good sensitivity for the trial 
and error determination of axial ratios. The 
Nelson—Riley extrapolation function was used, and 
representative extrapolations are shown in Fig. 2. 

With sharp patterns, this procedure results in 
a precision of about + 0-0002 in c/a, + 0-0002 A 
in ag, and + 0-0015 A in co, if we use hexagonal 
indices for the rhombohedral lattice. The probable 
errors for the worst patterns in this study are 
estimated at + 0-0005 inc/a + 0-001 A in ao, and 

0-005 A in co. 

All measurements were made at room tempera- 
ture (25°C + 5); since the thermal expansion 
of alumina at 20°C is 6 x 10-6/°C, the errors due to 
temperature fluctuations + 0-0001 A in ap, or 
0:0004 A in co. 

The results are plotted in Figs. 3 and 4. It is 
immediately apparent that the deviations from 
linearity in both axial directions and in molar 
volume are positive, and not negative as previously 


reported.(:10) This result will be discussed below. * 


* After the present manuscript had been prepared 
for the press, another significant paper appeared, 
Scumitz-Du Mont O. and REINEN D., Z. Elektrochem. 
63, (8), 978 (1959). This contains both lattice spacings 
and absorption curves for chromic oxide—alumina solid 
solutions. Agreement with the present results is quite 
good, though the precision of the lattice spacing measure- 
ments is lower, and the variation of the absorption 
wavelength with composition is slightly non-linear. 

Precision lattice spacings have been measured for low 
CreO3 contents by JAN J. P., STEINEMANN S. and 
DrnicHert P., Helv. Phys. Acta 33, (2), 123-130 (1960), 
summarized in J. Phys. Chem. Solids 12, 349 (1960). 
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That considerable reliance can be placed on 
these figures can be seen from the fact that the 
root mean square deviation from the curve of best 
fit is 0-04 per cent, as compared with 0-08 per 
cent for WILDE and Rees, and 0-14 per cent for 
TuLo et al. If one point at 22 mol per cent is 
omitted, the r.m.s. deviation falls to 0-02 per cent 
for the present results. The improvement is 
brought about by the better crystalization of our 
ruby solid solutions, which enables the back- 
reflection doublets to be measured. For example, 
THILO et al.“ had to rely on reflections below 
35° Bragg angle. 

The random errors introduced by these in- 
accurate measurements, however, can hardly 
account for the different trend of the curves; 
this is almost certainly due to errors in composition. 
It seems unlikely that the A.S.T.M. method will 
over-estimate the chromic oxide content, yet our 
chromic oxide loss by volatilization at 1600°C and 
1700°C is very much lower than that of THILO 
et al. at 1300°C. The order of magnitude of our 
CreO3 loss is similar to that of WaARSHAW and 
KEITH), so it seems reasonable to question the 
accuracy of the rather involved analytical method 
used by THILO et al. 

The effect of the volatilization of CreO3 is seen 
in a difference between the exterior and interior 
of the sintered compacts—X-ray patterns of filings 
from the exterior were diffuse (due to grading of 
composition), whereas the crushed bulk sample 
gave sharp reflections. An exaggeration of this 
effect would seem to account for the “two phases” 
of STILLWELL), and provides a possible explana- 
tion for the discrepancies between the different 
sets of results. 

COLOUR 

The confusion created by the early qualitative 
observations of colour was resolved by RirscHL and 
MU iter as mentioned previously. They 
measured the optical absorption spectrum through- 
out the system, using the same specimens as 
TuiLo et al. had used for their X-ray work. 
They observed only one separate absorption band, 
in the yellow, the wavelength of which varied 
with composition. Like the lattice spacings of 
THILO et al., this curve showed a discontinuity 
of slope at 8 per cent Cr2O3, corresponding with 
discontinuities in other properties found in the 
same specimens. 


A modified Beckman ratio recording spectro- 
photometer was used in the present work to obtain 
diffuse reflectivity curves for flat powdered samples 
deposited from suspension in water onto glass 
slides. The incident beam was focussed normally 
onto the specimen, and the diffuse reflectance 
measured at an angle of 45°. The reflected in- 
tensity was compared with that from a similar 
sample of pure alumina. The kind of spectrometer 
trace obtained is shown in Fig. 5. 


e 


ffuse reflectan 


Wavelength , msZ 
Fic. 5. A typical uncorrected diffuse reflectivity curve 
for an AlgO3s—Cr2O3 powder sample 


Variations in the thickness and particle size 
distribution in the specimens caused changes in the 
reflected intensities, but it was found experiment- 
ally that this had little effect on the positions of the 
reflection minima (absorption maxima), and the 
band widths. Specimens were made up with ex- 
tremes of thickness and grain size, and the varia- 
tions in position and half-width of a sharp re- 
flectance peak were measured. No change in peak 
position could be observed, even when the 
specimen was displaced so that some of the 
incident radiation missed the specimen; half-peak 
widths showed a probable error of about } per 
cent. 

When the instrument was set to measure the 
absorption of a pure alumina specimen, it was 
observed that the intensity scale changed with the 
wavelength, neither the 100 per cent nor the 
() per cent absorption datum lines being constant. 
To put the measurements on a more reliable 
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per cent transmission was therefore 


basis, 


measured* (giving a constant 0 per cent trans- 


mission value), and all curves were corrected to 
the standard 100 per cent transmission curve of 
pure alumina. Absorption curves were then ob- 
tained by plotting the reciprocal of the transmission 
on logarithmic paper. 

Measurement of the absorption band _half- 
widths presented no difficulties in the alumina-rich 
end of the system, but as the band-widths in- 
creased with addition of CroQsz, 
overlapping occurred. The bands were separated 


consideral le 


semi-analytically on the assumption of a sym- 
metrical gaussian shape,“4) and although the 
assumption is not strictly true, it is felt that the 
figures obtained for the band half-width will give 
a fair quantitative measure of the actual half- 
width. The main change in shape as Cr2QOg is 
added is the formation of a tail on the long wave- 
length side of the 44g — 4729 (yellow) absorp- 
tion band; interference from a strong ultraviolet 
absorption band also affects the shape of the 
145, > 4T\, (blue) band. The results are given in 
Fig. 6. 

It is regretted that the polycrystalline specimens 
used do not permit differentiation of the ordinary 
and extraordinary rays. 

The widths of the absorption bands in general 
increase as the amount of chromium increases, 
and the absorption maxima move to longer wave- 
lengths. This trend is in accord with the theory, 
that the breadths and positions of the absorption 
bands both depend on d(hv)/dA, i.e. the rate of 
change of energy of the level with crystal field. 5-16) 

Except for pure CrgQ3, in which antiferromag- 
netic interactions might be expected to affect 
the absorption spectrum, the band energy is seen 
to change, within the limits of accuracy, linearly 
with composition. Since the band energy also 
changes approximately linearly with the crystal 
field,” this indicates that the crystal field also 


changes linearly with composition. If the contrast 


with the (non-linear) lattice spacing is real (and 
the spectrographic work may not be sufficiently 
accurate to decide this), it seems possible that the 
electronic energy governs the solid solution be- 
the lattice parameters adapt 


haviour; that is, 


* The per cent transmission value corresponds to the 
I 


intensity of the reflected radiation 


themselves to give a linear change in the crystal 
field around the Cr ions. 

It will be seen that the 47) band changes energy 
more rapidly with composition than does the 47> 
band, in agreement with the energy levels cal- 
culated by TANABE and SuGaNno for a crystal 


field value about 2. 


2 


Fic. 6. Variation of wave-number of maxima and minima 
in diffuse reflectivity with composition. Approximate 
half-widths of the absorption bands are shown. 


The linear energy variation contrasts strongly 
with the work of RitscHL and MULLER), and it 
seems likely that the anomalies at 8 per cent in all 
the properties studied by them are introduced 
through errors of composition. Recent studies on 
the fine structure of the absorption spectra of 
rubies throw little light on this subject owing to 


their extremely limited composition range. 


DISCUSSION 
TuILo et al. have shown that the temperature 
at which the colour change from red to green 
occurs on heating decreases with increasing 
chromium content, and it must be assumed that the 


same mechanism produces the colour change 
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Table 1. 


Observed and calculated structure amplitudes for Cr203 


(Rhombohedral indices) 


(110) 
(211) 
(101) 
(210) 
(200) 
(220) 
(321) 
(201) 
(211)) 
(332) 
(310) 
(211) 
(320) 
(422) 
(433) 
(432)| 
(202) 
(411) 
(311) 
(431)) 
(301)| 
(442) 
(444) 


(400) 
(521) 
(531) 
(411) 
(213) 
(322) 
(440) 
(541) 
(552) 
(644) 
(431) 
(654) 
(622) 
(332)) 
(653)} 
(303) 
(631) 
(644)) 
(422)| 


x |(F obs. —F calc.) 


p> F obs. 
° V (PaFa? +PoF>?). 
Shortest oxygen—oxygen distance 
Shortest metal—oxygen distance 


both with change of temperature and of composi- 
tion. As the rhombohedral angle, i.e. shape of the 
rhombohedral unit cell, is probably unaffected by 
an increase in temperature,“8) it would appear 
that the colour change is due to the volume of the 
cell (determining the strength of the crystal field) 
rather than to its symmetry, which could also 
affect the relative positions of the energy levels. 

In these oxides, each metal ion is surrounded 


in roughly octahedral co-ordination by six oxygen 


ions, which are approximately close packed. A 
regular octahedron of oxygen ions in contact can 
easily accommodate an Al ion, the radius of 
the octahedral hole being 0-57A, whereas the radius 
of Al*** is 0-51 A. The Cr ion, with radius 
()-63 A, would cause an expansion of the octahe- 


dron. 


2:66 A. (z 
2:01 and 1:97 A (u 


0-310). 
0-095). 


In this connection, it is interesting that the 
V ion, which also forms substitutional solid 
solutions with AloOs, has a radius of 0-66 A, and 
is thus even more strongly compressed than the 
Cr*** ion. From optical measurements, the 
trigonal crystal field to which each of these ions 
is subjected is of the same magnitude. 9) 

For pure alumina, the metal—oxygen dist- 
ances are close to the sum of the ionic radii of 
aluminium and oxygen, but the shortest oxygen 
oxygen distances are only 2:49 A as against 2-80 A 
for the sum of two oxygen radii. This distortion 
is thought to be due to the mutual repulsion of the 
Al ions within neighbouring octahedra; 
other factors appear to be operative, however, 
including covalent bonding; for the molar volume 


of alumina is more than 14 per cent less than the 
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volume occupied by a corresponding configuration 
of close-packed oxygens only. 

The complete structure of chromic oxide has 
not been reported previously; the atomic para- 
meters have now been determined from the 
powde r intensities obtained on a Philips diffracto- 
meter. The structure 
amplitudes are given in Table 1. A small tempera- 
()-37) has been applied, 


observed and calculated 


ture factor correction (B 
and the reliability quotient is 0-124. Values of 
u and wv given are for Wyckoff’s unit cell, which 
differs from that of the International Tables by a 
translation of the origin by (4, 4, 4). There are 
four metal ions in special positions (c) at uuu, 
uuu, B.C., and six oxygen ions in special positions 
(e) at vd0; DOv; Ovd; 4-—v, v+4, 4; v+4, 4, 4-9; 


Table 2. Comparison of parameters for 
close-packed O 


a-CreOz 


WwW 


4- 
13- 
33° 

2: 


] 1 7) 
— VU, 


torted than that in alumina, but the cell volume 
a purely ionic 


v+4. The oxygen arrangement is less dis- 


is still very much too low for 


structure, so that the Cr ions, if they exist as 
such, would be under strong compression through- 
out the system. The relevant variables for close- 
packed oxygen ions, CreO3, V203, and AlsOg 
are compared as far as they are known in Table 2. 

Now the present lattice spacing results indicate 
that the total deviation from linearity of the cell 
volumes in the rhombohedral solid solutions is 
less than 1 per cent, so that even to determine the 
variation of the mean metal—-oxygen distances 
would require measurement of the metal and 
oxygen parameters to an order of magnitude 
better than this accuracy. At present, this is out 
of the question. Even more difficult is the deter- 
mination of the configuration 


around a particular chromium ion,®@2) and the 


precise atomic 


charge distribution around each ion, which alone 


would enable a calculation of the crystal field 
strength at the ion, and indicate the degree of 
ionic compression and distortion. For example, 
the closest distances of approach of metal and 
oxygen ions in pure alumina are 1-89 and 1-93 A, 
and in pure CrgQx3 are 1-97 and 2-01 A, a difference 
of 4 per cent; but this does not allow any con- 
clusion to be reached regarding the Cr*+*+*+—O- - 
distances in dilute ruby solutions, and because of 
this, the energy level changes cannot be directly 
related to these inter-ion distances. 

The positive deviations from linearity which 
are found in our lattice spacing curves indicate 
an apparent diameter for the Cr*** ion greater 
than that in CroQOg; the average molar volume 
increases initially more rapidly than the simple 


x-Alol )g, a-CroOz, Vol )g and 


10ns. 


Ch yse-packed O 


(0-083) 


linear law predicts, so that there is no abnorma 
compression in this region as derived from ‘THILO’s 
curves by OrGEL. There is a smooth and continu- 
ous change in both unit cell dimensions and energy 
level separations throughout the system. 
Unfortunately, insufficient points were obtained 
on the lattice spacing curves at the chromium rich 
end of the solid solution to decide whether the 
antiferromagnetic ordering affects these para- 
meters to an observable extent; certainly such 
effects are infinitesimal compared with the de- 
viations from Vegard’s law in the body of the solid 
solution, and SINGuH’s introduction of antiferro- 
magnetism to explain the anomaly in 'THILO’s 
results at 8 mol per cent CrgO3 thus seems rather 


unrealistic. 


Acknowledgement—Thanks are due to Dr. J. FERGUSON 
for his help with the spectrographic work. 
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Abstract—Paramagnetic resonance in a series of hydrated and deuterated molecular crystals 
irradiated with one MeV electrons at liquid air temperature has been associated with a hole localized 
on the hydrogen bonded oxygen of the oxyion group. In each case hyperfine structure due to the 
hydrogen bonding proton has been analyzed with the aid of a Hamiltonian containing an anisotropic 


term and an isotropic term and the results interpreted to give the relative position of the nucleus 


and the paramagnetic center 


INTRODUCTION 
Ir 1s WELL known that paramagnetic resonance 
absorption is an excellent probe of crystalline 
electric and local magnetic fields. We have made 
use of this fact to locate and analyze the para- 
magnetic centers produced in LigSQ, - H2O, 
LieaSO4 - DeO, CaSOq + 2HeO and NasCOg3 - HeO 
by electron irradiation at liquid air temperature. 
The crystal structure and the location of the pro- 
tons in the lithium sulfate and the calcium sulfate 
have recently“-*) been redetermined so that in 
these crystals the position of the nuclei is well 
known. The anisotropic hyperfine structure of 
the resonance lines has been used to identify the 
paramagnetic center and to obtain some informa- 
tion about the wave functions. The analysis has 


] 


been applied to the sodium carbonate and the 


yosIitions of some of the protons determined. 
I 


EXPERIMENTAL 


The single crystals of lithium sulfate and sodium 


* Supported by the National Science Foundation and 
by a Michigan State All-University research grant 
To be submitted by PEW in partial fulfillment of 
Ph.D Michigan 


State University, East Lansing, 


de gree at 


Michigan 


the requirements for the 


* An Eastman Kodak Fellow in Physics 


carbonate were from saturated 


solutions at approximately 50°C usually taking 


grown aqueous 
a few days to obtain crystals of suitable size. The 
monodeuterate was prepared by heating the pow- 
dered monohydrate in an open crucible at 200°C 
overnight, dissolving it in 99-9 per cent DeO and 
again growing crystals from the saturated solution. 
The calcium sulfate (gypsum) was obtained from 
several different locations in the form of natural 
single crystals. 

The crystals were irradiated at liquid air 
temperature for two minutes in a one MA beam 
MeV electrons from a Electric 
resonant transformer accelerator. ‘The samples 


of one General 


were then transferred without warning to the 
spectrometer and resonance data taken at liquid 
air temperature for rotation about three mutually 
orthogonal The 
optically on the external faces of the crystals and 
was accurate to approximately 2°. 

The 
9300 me in a standard magic tee reflection system 
using 280 c/s magnetic field 
derivative detection with presentation on an X-Y 


axes. orientation was done 


microwave experiments were done at 


modulation and 


recorder. The field was varied automatically by 


an electronic power supply and calibration points 


were inserted on each record using a proton re- 


sonance probe. 





PARAMAGNETIC RESONANCE 
THEORY 

The spectra consisted of one strong isotropic 

line occuring at the free electron g value and several 

anisotropic lines—some strong, some weak. ‘The 

isotropic line is attributed to an electron trapped 

at a vacancy or lattice defect while the strong 


& degrees 
Fic. 1. Angle dependence of the resonance lines in 
LieSO4 - HeO for rotation about the (010) axis. The S 
center corresponds to the strong lines discussed in the 
article while the W center is the much weaker line 
that is readily masked by the S lines and the isotropic 
line. 


anisotropic lines are associated with a center ex- 
hibiting hyperfine structure from a single nucleus. 
A comparison of the data for rotation about the 
b axis in lithium sulfate monohydrate and mono- 
deuterate (Figs. 1 and 2) shows that the deuteration 


Ww 


G degrees 


Fic. 2. Angle dependence of the resonance lines in 
Li2zSO4 « DeO for rotation about the (010) axis. The S 
center corresponds to the strong lines discussed in the 


article and the W center is the much weaker line. 


has replaced a nucleus of spin } with one of spin 1 
with a splitting between components which is 
one-third as large. There is, in addition, a weak 
line (Fig. 3) showing slight anisotropy which we 
have not been able to assign to a particular center. 
The data also shows (particularly in the deuterated 
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case) that the extreme of the g factor variation 
does not coincide in angle with the extreme of the 
hyperfine structure. Similar data were obtained 


for all three crystals. 

We have attempted to fit the data with a Hamil- 
tonian which consists of a tensor g interaction and 
a tensor hyperfine interaction whose principal 
axes do not necessarily coincide. The analysis 1s 


Fic. 3. Resonance spectrum of LizSO4-HeO showing 
the isotropic line, two anisotropic lines and the masking 
of the weak line. 


restricted, for simplicity, to a spin $ center inter- 
acting with a single nucleus of spin 4—this 
describes the system with which we are dealing 
quite accurately. 

The Hamiltonian then is 


5° g°-H+S-A-T (1) 


In order to obtain the 
effective magnetic field H’ which is equal in mag- 
nitude to H but rotated by the tensor operator g 


gH =¢-HA (2) 


energy levels we define an 


where g’ is a scalar. Thus in a co-ordinate system 
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in which g is diagonal 
(3) 


are the direction cosines of H with 


where the «,; 
respect to the principal axes ol g. The energy 


levels 


where quantization is along 7’. 
In order to evaluate the hyperfine term we de- 
a unit vector along 7’, then 


(A° +A" 


Ir 


nine 


+ A® 1/2 a (5) 


1 


since the g factor variation is quite small, the angle 
between H’ and H is small for the 


variation in g which we observe (2-002 to 2-055). 


less than 2 


Therefore if 7 is a unit vector along H 


vy \n°/ (0) 


and the hyperfine structure term is essentially 
independent of the g factor variation. 

The analysis proceeds by extracting the g factor 
variation from the three sets of data, diagonalizing 
the g tensor to determine its principal axes and 
values, and independently extracting the hyperfine 
determining the principal 
A tensor. The analytical 


structure data and 
axes and values of the 
methods) of diagonalizing the g tensor are of 
because the roots of the 


little use in this case 


third degree equation in g are practically equal 
and accuracy is lost in the calculation. A method 
involving the projection of the three sets of data 
by means of a stereographic net was used to obtain 
the principal values and axes of both tensors. 

The g tensor was found to have axial symmetry 
so that in a co-ordinate system in which g is 
diagonal the usual form is obtained. 

BH 


(9° cos-6+ 9 


(7a) 
) 


where @ is the polar angle measured from the sym- 
metry axis of g. The A tensor exhibited, in some 
cases, a small deviation from axial symmetry so 


that it should be of the form 


“ _sin26’cos*¢’ + A“. sin?6’sin2¢ 4 
r 


UY 


+ A? cos°6")! . 


and i ie A 
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where 6’ is the polar angle measured from the z 
direction and ¢’ is the azimuthal angle measured 
from the x direction. Thus it is g,, g,, Azz, 
Ay, and A,z as well as the polar and azimuthal 
angles of the unique or symmetry axes of the two 
tensors which one should obtain from the ex- 
perimental data. Only the magnitudes, but not 
the signs of the components of the A tensor can 
be determined in this manner. 

The purpose of the analysis has been to deter- 
mine the nature and the location of the para- 
magnetic center and an attempt has been made to 
express the results in terms of the separation of 
the proton and the center. Thus for the case of 
an axially symmetric hyperfine structure inter- 
action, the hyperfine term (equation (7b)) has 
been further fitted to a Hamiltonian 


S:l 3 S-rr-l 
PeSnPePn | « 


HM njs 
re r? 


+aS-I) (3) 


where the first two terms are the dipole-dipole 

terms and the last term has been added to take 

account of a possible isotropic interaction. 
Equating this to the A tensor and observing 


that 7 lies along the z axis we have 
Aes Auy (Ya) 


(9b) 


) 
0..9 
2nPnl 


in gauss. 


Furthermore 
Azz— Azz 
Azzt+2Arz 


LnPn 3/r8 ( 10a) 
&nPn3a (10b) 


It is interesting to note that by adding this further 
condition that the dipole-dipole plus isotropic 
terms do represent the hyperfine interaction, the 
signs of the components of the A tensor can be 
determined. ‘The right hand side of equation (10a) 
is positive and if | Azz|>|Azz|, Azz will be negative. 
The sign of A,, will be the same as that of Az, 
unless the hyperfine lines cross as they do in the 
calcium sulfate (Fig. 9). Having already obtained 
the direction of the line of interaction from the 
orientation of the A tensor, we may now evaluate 


r, the separation between the proton and the 
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center. The orientation of the unique axis of the g 
tensor gives information about the direction of the 
crystalline electric field but is not simply related 
to an interaction vector as is A to 7. 


RESULTS AND DISCUSSION 
LioSO4 . H2O 


Lithium sulfate monohydrate is a monoclinic 


crystal having a space group C22-P2;. The di- 


mensions of the unit cell, which contains two 


molecules, are a= 5-43 A, b= 484A and 


Fic. 4. Projection of the crystal structure of 
LizSO4 + H2O onto the (010) plane. 
Lithium Oxygen O 
Sulfur Proton 
8:14 A with the angle between the a and c 
directions 8 = 107°. Since, in the monoclinic 
class there are only two orthogonal axes, an axis 
perpendicular to the plane containing the b and c 
axes was chosen as the third one for the purpose 
of taking data. This was the first crystal which was 
investigated, and it was by means of the deutera- 
tion that the suggestion arose of associating with 
each molecule of the unit cell a single spin 4 center 
which interacted with a proton in the water of 
hydration. The resonance data in conjunction 
with the crystallographic data made it possible 
to assign the center to a modified bond localized 


c= 
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on that oxygen of the sulfate group which was 
hydrogen bonded by the water proton. In Figs. 4 
and 5 this system is indicated by a dotted line. 


Fic. 5. Projection of the crystal structure of LizSO4 - H2O 
on the plane containing the 6 and c axes. The values 


given in Table 1 correspond to the ‘‘a’’ center. 


Some of the qualitative features of the data (Figs. 
1, 2 and 6) may be compared with the crystal 
structure. It is seen that for the 4-axis rotation 
the two centers are equivalent giving the pair 


a A > 
eee 


Zz Jegrees 


Fic. 6. Angle dependence of the resonance lines in 
LigSO4 + H2O for rotation about an axis perpendicular 


to the plane containing the b and c axes. 


of lines of the data, while for the rotation about 
the axis perpendicular to the bc plane there are 
two centers for which the maximum or minimum 
in the hyperfine splitting should be approximately 
70° apart; again the data indicates just this. 
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Crystallographic and nuclear magnetic resonance 


data give 2°65 A for the 


separation of the sulfate 
oxygen and the water oxygen and ()-98 A is the 

value for the 
leaving 1-67 A for the distance between 


accepted proton water oxygen 


distance 
the proton and the sulfate oxygen. The A tensor, 
from which we must determine r, shows deviations 
which can be explained 


from axial 


qualitatively as due to an additional hyperfine 


Sy mmet ry 


interaction due to the nearest lithium nucleus. 


Angle dependence of the resonance lines in 
the (001) axis 


Fic. 7 


Li2SO,+HeO for rotation about 


If we consider this to be an independent tensor 
interaction then its %-axis is approximately 
perpendicular (~ 80°) to that of the proton inter- 
action so that a correction to the observed data 
is possible based on the following argument. The 
unresolved hyperfine structure (J = 3/2) causes 
a shift in the mean value of the observed lines 
which is approximately one-third the splitting 
caused by the proton. Since the two interaction 
tensors lie approximately at right angles, the 
experimentally observed values of Ajj can be 
considered to be made up of two terms, a proton 
term having Azz = A,, = —16G and A,, = + 
1 G; anda lithium term with A;,; = —5G 
= ()G. Using these numbers one would 


Ayy 
and A,, 
obtain for the equivalent experimental values 
-16—0 —16, —16—5 —21 and 1—5 = 
-4, which compare very well with the observed 
calculation of 7 using the 
proton’ numbers 1:7+0-:1A. One 
should note that the direction of the z-axis of the 


values. Similarly a 
gives Ir 


proton tensor depends very critically on the 
presence of this second interaction and that the 
direction obtained from the stereographic pro- 


jection is not as accurate in this case as in the 


other two. Since all of the g values are greater 


than the free electron value, one attributes the 
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Table 1. Results obtained for LiaSO4 + HeO 


0-001 
0-001 


2-040 4 
2-002 + 


from (001) 
from (010) 


Polar angle 47 
Azimuthal angle 61 
Axx —21 1G 
Ayy —16 1G 
Az: —4+1G 


from (001) 
from (010) 


Polar angle 32 
Azimuthal angle 65 
? 1-7 A* 


11 G* 
* Corrected for estimated lithium nucleus interaction. 


paramagnetism to a hole strongly localized on the 
sulfate oxygen. 

It appears, then, that in the lithium sulfate 
we are able to assign the strong lines to two centers, 
one a trapped electron exhibiting a free electron g 


Fic. 8. Projection of the crystal structure of 

CaSO, -2He20 onto the [100] plane. The values given 
in Table 2 correspond to the ‘“‘a’’ center. 

Oxygen 


Proton O 


Calcium 


Sulfur 


value, the other a hole localized on the hydrogen 
bonded oxygen. The weak line has not been 
identified in part because the strong lines, which 
are all about 8 G wide, mask the weak line for 
certain orientations making the analysis difficult. 
This line width is probably due to unresolved 
hyperfine structure from the remaining protons 


and lithium nuclei. 


CaSO, - 2H2O (gypsum) 

Gypsum is also a monoclinic crystal with space 
group .~ia b having a = 5-68A 6 = 15-18A, 
c = 6:52 A and 8B = 118’, containing four mole- 
cules in the unit cell. This being a dihydrate 
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there are four hydrogen bonded oxygens of the 
type identified in the lithium sulfate, each one 
bonded to two protons. Fig. 8 indicates that these 
occur as pairs of essentially equivalent oxygens 
so that there should be two non-equivalent centers 
each interacting with two non-equivalent protons. 
The angle dependence of the resonance lines taken 
for rotation about the c axis (Fig. 9) shows, in 





4, degrees 


Angle dependence of the resonance lines in 
- 2HeO for rotation about the (001) axis. 


Fie. 9. 
CaS ) } 


addition to a single isotropic line at the free electron 
g value, that there are two non-equivalent centers 
each exhibiting a hyperfine structure due to a 
single proton. Data for the rotation about the 
other two orthogonal axes indicates the same 
resonance lines. In addition, all three rotations 
exhibit a rather poorly resolved group of weak 

Table 2. Results obtained for CaSO4 + 2H2O 


‘051 0-001 
‘003 + 0-001 


2 
2 


Polar angle 10° from (1 bc) 


Azimuthal angle 22° from (001) 


from (Lbc) 
from (001) 


Polar angle 28 
\zimuthal angle 26 


16A 
10:6 G 
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lines all of which are located near the free electron g 
value. 

The analysis of the data carried out in a manner 
similar to the lithium sulfate case gives the com- 
puted values of Table 2 for one of the centers- 
the other is imaged in a mirror plane perpendic- 
ular to the b axis. The results indicate that for 
these two centers the paramagnetic entity is a 
hole with properties very much like those of the 
center in lithium sulfate and gives strong con- 
firmation to the analysis and identification of the 
center in that case. There still remains the question 
of what happened to the other proton which 
should have given a further hyperfine interaction. 
There are several possibilities, but we are not 


prepared to choose between them. 


bh 


Fic. 10. Projection of the 
NazCQO3 * HeO onto the [100] plane. The values given 
center 


_— 


crystal structure of 


in Table 3 correspond to the ‘‘a’’ 


Oxygen 


O Proton 


Sodium 


Carbon 


NaoC( )g - H2O 

In order to further verify the analysis and, in 
particular, to apply it to a system in which the 
proton positions were not so well known, data 
was taken on sodium carbonate monohydrate. 
This is a rhombohedral crystal with space group 
Co,°—Ppra having a 10-72 A, b 6:44 A and 
( 5-24 A with four molecules in the unit cell. 
Figs. 10, 11 and 12 show that pairs of these 
are equivalent for all rotations so that we should 
expect two non-equivalent centers. The data 
(Figs. 13 and 14) indicate that there are two such 
centers and further that the “isotropic free electron” 
2-009 and shows slight 


line is shifted to g 
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11 Projection of the crystal structure of 


NaeCO HeO onto the [010] plane 


splitting into two components. In this case the 


position of the protons has not been investigated 


magnetic resonance or 


the other 


either nuclear 


using 


neutron diffraction as in two cases but 


-_ 


12. Projection of the crystal structure 


Na2zCQOs + HeO onto the [001] plan 


the crystal structure has been accurately deter- 
mined. The distance from the water oxygen to the 
nearest neighbor carbonate oxygen is 2-7 A so 


that this is probably the hydrogen bonded group. 


4) 


‘IG. 13. Angle depe ndence of the resonance lines in 


NaeCQOs - HeO for rotation about the (100) axis. 
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The analysis of our data gives an A tensor having 
its unique axis along this bond and givesr = 1-6A 
(Table 3). 

Thus here too the center which is described by 
a hole localized on the hydrogen bonded oxygen 
of the oxyion group appears. The slight shift and 


I + Angle dependence of the 
NasCO rotation about 


resonance lines in 


-HeO for the (010) axis. 


Table 3. Results obtained for NasC( )g + HoO 


0-001 
0-001 


from (001) 
from (010) 


Polar angle 37 


Azimuthal angle 28 


—20 


1G 
1G 


—2() 


0+1G 


Polar angle 48° from (001) 
Azimuthal angle 34° from (010) 


splitting of the “isotropic” line probably is due 
to a trapping of the electrons at a site somewhat 
different than that in the other two cases—there 
is no reason for this trap to always show essentially 


free electron characteristics. 
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Abstract 


Reasonably homogeneous, polycrystalline, solid ingots of GaSb-InSb alloys have been 


produced by slow directional freezing techniques, and have been used to investigate the variation of 
electrical properties as a function of composition. Values of extrapolated thermal energy gap Eo, 
electron mobility, and mobility ratio have been determined for some 25 specimens covering the 


complete composition range. Estimates have been made of the variation of effective mass values and, 
by comparison with optical energy gap values, of the energy gap temperature coefficient 8. From 
the variation of mobility with temperature, values of mobility temperature exponent x have been 


obtained. 


At the InSb-rich end of the composition range, the results indicate a smooth variation of the 


various parameters with composition, without any appreciable change in the band structure from 
that of InSb. The results at the GaSb-rich end of the range are complicated, firstly by the presence 
in GaSb of two conduction bands of only small energy separation, and secondly by an effect which 
extends over a considerable range of composition and is thought probably to be due to ordering 
in the alloys. As a result, correlation of the optical and electrical results is difficult in this range of 


composition 


INTRODUCTION 

CONSIDERABLE work has been carried out to deter- 
mine the available composition range of semicon- 
ductor alloys produced by solid solution beween 
two semiconducting compounds each having the 
zine blende structure.{.2.3,4,5) Information is now 
becoming available on the electrical properties of 
some of these alloys, but in many cases the data 
is limited. Electrical measurements have been re- 
ported on the following alloy systems: InAs—InP® 
GaAs-InAs,) CdTe-ZnTe,® CdTe-HeTe,™ 
GaAs—GaoSezg, ) AlSb—GaSb,® InSb—IneTes. 9) 
In a IVANOV-OMSKII and 
IETS (LD) 

on the equimolecular alloy of the GaSb-InSb 
The 


vestigated the variation of optical energy gap as a 


recent paper, KOLo- 


have reported electrical measurements 


system. present authors have recently in- 


function of composition for alloys of the GaSb 


InSb system."*) ‘The present paper reports an in- 


vestigation of the electrical these 


properties of 


illoys. 


PREPARATION OF SPECIMENS AND 
METHODS OF MEASUREMENT 


two compounds concerned was first 


prepared separately, by melting together under vacuum 
the appropriate amounts of the elements. The elements 
used were all of 99-999 per cent purity, and in the case 
of InSb the compound was further purified by normal 
zone refining methods. 

The alloys were produced by the slow directional 
freezing technique described previously,'!2) and in order 
to obtain the required range of composition three ingots 
were used, these having approximate mean compositions 
of (A) 70 mol. per cent GaSb, 30 mol. per cent InSb 
(B) 30 mol. per cent GaSb, 70 mol. per cent InSb and 
GaSb, 90 mol. per cent InSb 


from various 


(C) 10 mol. per cent 


respective ly. Sections points on these 
ingots provided specimens covering practically the whole 
range of composition in the alloy system, 1.e. from InSb 
to 94 mol. per cent GaSb, and the degree of homogeneity 
of these specimens was the same as that of the specimens 
used previously in the optical work.'*) As indicated in 
still remains however. 
To cover the range of composition from 94-100 mol. 


per cent GaSb, ingots of the appropriate compositions 


that case, some inhomogeneity 


were made up and annealed at 520°C for 4+ weeks. Some 
of these were rather less homogeneous than the specimens 
produced by directional freezing however and only one 
of them was used in the measurements described below. 

For the electrical measurements, specimens were cut 
from cross sections of the directionally frozen ingot, 
and for each composition measurements were made to 
determine the values of Hall coefficient Ry and con- 


ductivity o as a function of temperature in the range 
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90-850°K. The specimens were cut to the approximate 
dimensions 7 x1*1mm. and were lightly etched in 
CP-4 etchant before attaching the electrical contacts. 
For the measurements below room temperature, the 
current electrodes and a copper-constantan thermo- 
couple were soldered (using high purity indium solder) 
to the ends of the specimen, and the potential and Hall 
probes spot welded to the specimen in the normal posi- 
tions. In the case of the high temperature measurements, 
the potential and Hall probes were again spot welded 
to the specimen but the current connections were made 
by pressure contacts, and the temperature determined 
by a Pt/PtRh thermocouple, the hot junction of which 
was held close to the specimen. Specimen currents of 
up to 60 mA were used, and all voltages were measured 
by means of a potentiometer accurate to 1unV. Magnetic 
fields of up to 6 kOe were provided by an electromagnet. 
During each set of observations at a given temperature, 
the temperature was held constant to + 1°C. 


CALCULATION OF PARAMETER VALUES 


As shown below, the large majority of specimens used 
were p-type in the impurity range, and in the temperature 
range investigated each of these showed a transition from 
p-type to n-type behaviour as intrinsic effects began to 
predominate. Thus the simple single carrier formulae 
for Ry and o could not be used and the more accurate 
equations had to be used to determine the variation of 
electron and hole densities (nm and p) and of electron 
mobility x as a function of temperature. 

When carriers of both signs are present, the standard 
equations for Ry and o are 


Ru =- (1) 


o = eup(n+p/b) 
where for p-type material 


n+ p, 


and 
b= Len/ ep, 


pe being the resultant hole density due to impurities 


Here the value of the Hall coefficient ratio r has been 
taken as unity. From equations (1) and (3) 


1 (b—1) 1 Pe 
2e (b+1) Ry +1 
1 ((b—1) 
b+114Ry2e2 


peb 1/2 
| (4) 
Rye 


If it is assumed that at low temperature the intrinsic 
contribution is negligible so that 


l 
Pet 


Ru ext 
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then it is readily shown that 
Rumax 


(6) 
Ru ext 

where Ry ax is the maximum value attained by Ry above 

the Hall inversion From 

(5) and (6), the variation of » can be determined as a 


temperature. equations (4), 
function of temperature. 
Standard theory gives the equation 


Ey 
kT 


— = A(m,*m,*)?'? exp| 


and assuming Ey Eo+8T in the temperature range 
considered, and that m,* and mp* are independent of 7 


- 


np ) 
le 210 
T3 


= logioA + — logio(mn*my*)- 
7 


Eo 3) 
2°303 RT 2-303 k 


Hence the slope of the graph of logionp/T*vs. 1,T 


gives Eo. Combining this value of Eo with the room 
temperature value of Eg from optical work enables a 
value of the coefficient 5 to be estimated. Then assuming 
4(27kT/h?)°, the intercept 


value for 


parabolic bands so that A 
of the logionp/T* vs.1/T graph 
(mn*mp*)'/*. If spherical energy surfaces and lattice 


gives a 


scattering are assumed, then 


ben My \°!2 
7 (8) 


Lp My 


and hence mn* and mp* can be calculated. Although these 
assumptions can not be accurately applied to the present 
materials, the results can be used to give an indication of 
the probable variation of effective mass values 

Finally from equations (2) and (3) 


I ep, 
Len lei ne( | + | (9) 
| b bh } 
log un VS log 7 


and assuming pn “ T*, a graph of 


enables a value of x to be determined. 


RESULTS AND DISCUSSION 

(a) Results of Hall measurements 

The variation of Ry as a function of tempera- 
ture for various typical specimens is shown (on a 
log scale) in Fig. 1 and the curves are seen to be 
those characteristic of materials with predominant 
p-type impurity. As the temperature is increased 
from the liquid oxygen temperature, some de- 
crease in Ry and hence increase in pe occurs, due 
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energy of but in 


levels out before the Hall 


to finite activation impurities, 


most cases the curve 


inversion temperature is reached, and in each case 


the alue of Ry in this range has been taken as 


Fic. 1. LogioRy vs. logioT for various typical specimens 


+ 24 mol. per cent GaSb, 76 mol. per cent InSb 
@ 76 mol. per cent GaSb, 24 mol. per cent InSb 


GaSb 


2. Variation of pe with position along ingot B (mean 
per cent GaSb, 70 mol 


InSb). 


position 30 mol 


per cent 


Rex 
extrinsic range values of Ry showed that two of 


required in equations (5) and (6). These 


the three directionally frozen ingots, Viz. A and B 
were p-type along the complete length of the ingot, 


while the third, C, which contained only 10 mol. 
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per cent GaSb mean composition, was n-type 
along the whole length. The variation of pe with 
position along the length of ingot B is shown in 
Fig. 2, 
also being indicated. It is seen that the value of 
1:7 x 1017/cm3 near 
the centre of the ingot and reaches values between 
4 and 5» The form of this 


curve is of interest as far as the behaviour of GaSb 


the variation of composition with position 
Pe reaches a minimum of 


1017/cm? at each end. 


itself is concerned. It has been suggested ®) that 


the p-type character usually observed with GaSb 


could be due to non-stoichiometry in the com- 
pound, but recently Botraks and GuToroy 4) 
have claimed that the result. in GaSb are due to the 


t faa +Sh 


Fic. 3. Variation of mobility ratio 6 with composition. 
presence of both donor and acceptor impurities 
with slightly different segregation coefficients. 
From the present results, it is seen that in the 
latter half of ingot B the value of pe rises from 1-7 
to 4-8 x 101"/cm3 as the GaSb content falls from 
30 to 10 mol. per cent. Since the InSb used for 
the alloy was n-type with less than 2x 1016 
donors/cm* and the GaSb was p-type with ap- 
3x 1017 


appear impossible to explain the variation of pe 


proximately acceptors/cm, it would 
along ingot B by non-stoichiometric behaviour. 
A plausible explanation can only be produced by 
postulating the presence of both p- and n-type 
impurities having segregation coefficients which 
are different one from the other and which vary 
along the length of the ingot as the composition 
varies. ‘The variation of pe with position along 
ingot A and n, along ingot C further support this 


suggestion. 
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From the results of Ry vs. temperature on the 
p-type specimens a value of the mobility ratio ) 
can be obtained immediately from equation (6). 
The use of specimens from ingots A and B thus 
enabled a value of 6 to be obtained for all alloy 
compositions except those in the range 0-10 mol. 
per cent GaSb where only n-type specimens were 
obtained. The resulting variation of 6 with com- 
position is shown in Fig. 3. It is seen that the 
value drops very rapidly from 85 for InSb, being 
27 at 10 mol. per cent GaSb, but then 
reasonably constant up to approximately 75 mol. 


Stay S 
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Fic. 4. 
(a) 47 mol. per cent GaSb, 53 mol. per cent InSb 
(b) 64 mol. per cent GaSb, 36 mol. per cent InSb 
(c) 70 mol. per cent GaSb, 
(d) 76 mol. per cent GaSb, 
(e) 91 mol. per cent GaSb, 


Logionp/ T? vs. 10°/T for typical alloy specimens. 


30 mol. per cent InSb 
24 mol. per cent InSb 
9 mol. per cent InSb 


per cent GaSb after which it falls again to the 
value of 4:5 for GaSb. 

Using the data from the Hall effect measure- 
ments and equations (4), (5) and (6), values of 
np/T? were calculated for each specimen and 
graphs of lognp/T® vs. 1/T plotted. Typical 
examples of these graphs are shown in Fig. 4. 
From equation (7) these should be straight lines 
with a slope dependent on £p and it is seen that the 
graphs are linear over a considerable range of 
temperature. T'wo points are illustrated by the 
graphs in Fig. 4. Firstly, graphs (a) and (b) for 
alloys of high InSb content, show some deviation 
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from the straight line at high temperatures. This 
is due to the onset of degenerate behaviour, for 
which case the equations in Section 3 do not apply. 
Sufficient results are available at lower temperatures 
for a value of Eo to be obtained. Secondly, graphs 
(d) and (e), which represent alloys of high GaSb 
content, are seen to divide into two parts, each 
being linear and hence giving a separate value of 
Eo. Thus for alloys of GaSb content higher than 
70 mol. per cent, two values of Ey were obtained, 
a low temperature and a high temperature value, 
and also a transition temperature 7,. The values of 


Eo are plotted against composition in Fig. 5 and 





mol % GaSb GaSb 


Variation of extrapolated energy gap EF» and 
with composition. 


Fic. 5. 
transition temperature 7, 


also the values of 7, over the range of composition 
where this is observed. On the question of the 
accuracy with which the two values of Eo and the 
value of 7; can be determined, it is clear that what- 
ever the mechanism causing this effect, there will 
be some transition range around 7;. Hence there 
will be some uncertainty in the value of 7;, and 
reasonable values of £9 will only be obtained from 
results at temperatures well away from the transt- 
tion range. From a study of the experimental 
results, it is estimated that the error in 7; will not 
be greater than 20°C. The lower value of Fo (£1) 
can be obtained with reasonable accuracy (say 
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+()-)2 eV) as measurements can be made at 
temperatures well below 7;, 
of Eo(Eo2) will probably be less accurate as a 
large temperature range above 7. cannot be used 
owing to the proximity of 7; to the melting point 
of the alloy. The variation of Ep given above is 
to be compared with the corresponding variation 
optical energy gap FE, previously pub- 


for 


of the 


lished,“*) but repeated here convenience 1n 


ig. 6 


+Ch 


mo 


Variation of room temperature optical energy 


I 7 with 


composition 

If the values of Ep) (Fig. 5) and the values of 
E, (Fig. 6) are compared, estimates of the value of a 
mean temperature coefhcient f for the temperature 
range from room temperature to approximately 
400 ¢ The 
function of is shown in 


Although the experimental scatter is large, it 1s 
| 


can be made. variation of 8 as a 


Fig. 7. 


composition 
seen that 8 has an approximately constant value 
of —3 to —4x10-4eV/C except in the composi- 
tion range 65-95 mol. per cent GaSb where it 
rapidly changes and takes positive values at some 
compositions. The value of 8 obtained in this way 


will depend on the value assumed for Ey, which in 
turn depends on the method used to interpret 
the optical data. For polycrystalline alloys of the 
here, this interpretation is somewhat 


as indicated previously 


type used 


arbitrary these 


and 


particular values of Ly were obtained by determina- 


tion of the apparent onset of transmission through 


and € M. 


but the upper value 
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specimens of about 100 thickness. Use of other 
conventions for interpreting optical data could 
give slightly different values for E,, but should 
not greatly affect the shape of the E, curve shown 





, sch 


Fic. 7. Variation of energy gap temperature coefficient 8 


with composition. 


in Fig. 6. Changes in the form of the Ey curve 
would result in corresponding changes in the B 
curve in Fig. 7, but it appears probable that what- 
ever method is used to obtain Ey from the optical 


uret 


mass 


electron 


free 


o-— 
o—t—»—*-0-9 


and m,* with composition 


Mp”. 


‘ariation of m 


@ mm,” 


Fic. 


) 


peak in the 8 curve in the composition 
95 mol. per cent GaSb will still occur. 


data, the 
range 65 
It is hoped to carry out a more detailed investiga- 
tion of the absorption edge of these alloys in the 


near future. 
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As indicated in Section 3, when f is known 
equations (7) and (8) allow the values of m,* and 
my* to be estimated provided spherical energy 
surfaces etc. are assumed. While these assumptions 
may not be accurately true here, it is of interest 
to observe the form of the variation of these para- 
meters with composition, and these are shown in 
Fig. 8. Again a continuous trend in the values 
from InSb to GaSb is observed except for fluctua- 
tions in the composition range of anomalous 
behaviour. 


(b) Discussion of Hall measurement results 

In Fig. 5 the value of Ho shows a practically 
linear variation with composition up to approxi- 
mately 65 mol. per cent GaSb but at this point 
the graph splits into two parts. From a considera- 
tion of the work of SAGAR“®5) the two values of Eo 
for GaSb itself can be attributed to two different 
minima in the conduction bands. SAGAR has sug- 
gested that at room temperature GaSb has its 
lowest conduction band minimum at the centre 


of the Brillouin zone but that a further set of 


minima occur at a slightly higher energy and along 
the [111] directions in k space. The energy separa- 
tion of the minima at room temperature is esti- 
mated to be approximately 0-08 eV with a rate 
of change with temperature of 

d 

' . “wen 
—(AE) = —3x 10-4 eV/°C. 
at 


This interpretation is confirmed by the work 
of Keyes and Poriak®, The present work 
indicates that the reduction in energy separation 
with temperature continues at higher tempera- 
tures and that the [111] minima fall in energy below 
the (000) minimum at temperatures above 450 C. 
Assuming from Fig. 6 a value of 0:72 eV as the 
room temperature value of Ly for GaSb, the values 
of Ey from Fig. 5 can be used to determine the 
values of the temperature coefficients 6 for the 


two types of minima proposed, assuming that the 
two have the same energy at 450°C. The resulting 
values of 8 are —3 x 10-4 eV/°C for the low tem- 
perature Eg and —7x10-4eV/°C for the high 
d dt 


C in reasonable agreement 


temperature Eo, giving a difference (Af 
(AE)) of —4x 10-4 eV 
with the value given by Sacar. The room tempera- 


ture energy separation of the minima calculated 
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on this basis (0-17 eV) is rather different from 
SAGAR’s value, however. 

When comparing these values, it should be 
borne in mind that in obtaining the value of 
0-17 eV, it has been assumed that the variation of 
energy gap with temperature can be treated as 
strictly linear over the whole range of temperature 
from room to 600°C. While it is true that such a 
linear variation is a valid approximation over a 
limited range of temperature, e.g. 250°C-450°C, 
a typical range over which electrical measurements 
were made to obtain £o, and hence that the mea- 
sured Eo values are truly characteristic of the 
electrical behaviour in that range of temperature, it 
is by no means certain that this assumption of linear 
behaviour can be applied over much larger tem- 
perature ranges.“7) This fact, in addition to the 
inaccuracy in the value of Eo, could easily explain 
the discrepancy in the estimated values for the 
energy separation of the band minima of GaSb 
at room temperature. 

As a further check that the change in Ey) was 
not in fact caused by some structural effect such 
as a phase change, powder photographs were taken 
of GaSb at 560°C. No change could be detected 
in the high temperature photographs as compared 
with similar photographs at room temperature 
except the usual small change in Bragg angle of 
the lines due to thermal expansion. This observed 
change allowed a calculation to be made of the 
mean linear expansion coefhcient of GaSb over 
this range, and a value of 7+1x10-6/°C was 
obtained. 

When the GaSb-InSb alloys are considered it is 
of interest to see whether the two values of Eo can 
again be attributed to different conduction band 
minima as in the case of GaSb. For various reasons 
this does not appear to possible. One point is 
that the two Eo curves appear to coalesce at about 
65 mol. per cent GaSb and that for alloys of 
lower GaSb content only one value of Eo is ob- 
served, a behaviour which would appear very 
unlikely if two band minima were being observed. 
A second point comes from the variation of the 
transition temperature 7; with composition (Fig. 
5). It is seen that as InSb 1s added to GaSb the 
value of 7; increases to 520°C at 96 mol. per cent 
GaSb, but at 94 mol. per cent GaSb the observed 
value of 7; has fallen to 420 C and as further InSb 
is added it rises to a maximum and then falls 
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again. Such a variation would seem to indicate 
that the values of 7). are being determined by more 
than one process. 

Initially, in order to explain the energy gap 
values, a band change similar to that in the Ge-Si 
alloys was considered, i.e. a variation of the 
relative energies of different band minima with 
composition, so that room temperature values 
would indicate one band minimum in one composi- 
tion range and another band minimum at other 
compositions. This appears to be ruled out, if as 


seems to be generally accepted, (19,18) the room 


temperature band structures of GaSb and InSb 


are of the same type with the lowest minimum 1n 
More- 
over, it would not be possible to explain the form 
gap 
results (Fig. 6) in terms of such a band change. 
Thus to explain the variation of £9 and 7, with 


the conduction band occurring at k = 0. 


of the room temperature optical energy 


composition over the alloy range €5—95 mol. per 
cent GaSb, some effect must be postulated other 
than the change of lowest band minimum with 
composition as seen with Ge-Si alloys or the 
change of lowest band minimum with temperature 
as shown by GaSb and alloys within a few per 
cent of this composition, as neither of these effects 
would appear to be satisfactory over the alloy 
range 65-95 mol. per cent GaSb. One explanation 
which is suggested by various experimental results 
is that of ordering of the gallium and indium atoms 
in the lattice. In such a case, up to 94 mol. per cent 
GaSb, the value Zo; would apply to the minimum 
band gap in the ordered structure, and the value 
Eo2 to the minimum band gap in the disordered 
structure, 7; representing the ordering tempera- 
ture. The following points can be quoted as sup- 
porting this: 

(a) The form of the 7; vs. composition curve 
between 70 and 94 mol. per cent GaSb 1s typical 
of the with 
composition. 

(b) The form of the low temperature Eo curve 


variation of ordering temperature 


in this composition range is similar to that ob- 
served in systems where ordering occurs.) 

(c) If the graph of lattice parameter with com- 
position for this alloy system) is investigated as 
accurately as is possible with the present alloys, 
it is to show small deviations from the 
Vegard but to that line at an 


approximate composition of 75 mol. per 


found 
line, intersect 


cent 


and 
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GaSb. It has been shown ®) that such an inter- 
section can indicate the possibility of ordering in 
the vicinity of that composition. 

(d) The form of the solidus of the alloy system @) 
indicates that the solid solution is not ideal in the 
composition range considered. 

To check this suggestion, specimens in this 
range of composition have been annealed at various 
temperatures the 
ordering temperature given by 7%, 
X-rayed in the normal way. No definite origins of 
ordering have been observed, although this could 
be partly due to the poor X-ray photographs 
obtained, because of some degree of inhomogeneity 


possible 
then 


above and_ below 


and 


in the specimens used, which with the present 
method of preparation cannot be avoided. This 
inhomogeneity could be important, for because 
of the low diffusion rates observed in these alloys, 
the degree of long range order might be relatively 
small, and so any superlattice lines would be weak 
and diffuse. It is of interest to note that BRAUN- 
STEIN et al.) have postulated a short range 
ordering in Ge-Si alloys in order to explain 
optical absorption data. It is hoped to carry out 
further work on this question of ordering when 
better alloy specimens are available. 

Thus it is seen from the above discussion that 
if ordering is postulated to explain the electrical 
results, this can only apply in the approximate 
composition range 65-94 mol. per cent GaSb, 
while the results for 96 mol. per cent GaSb and 
GaSb itself must be explained in terms of a band 
change. ‘Thus the behaviour in the range 95-100 
mol. per cent GaSb could be a more complicated 
form. Again, production of alloys in this range 
has proved somewhat difficult, but it is hoped to 
investigate this range more thoroughly with better 


alloy specimens. 


(c) Conductivity measurement 

In addition to Hall effect, the variation of con- 
ductivity with temperature was also observed for 
each alloy specimen. Typical curves of log o 
against 1/7’ are shown in Fig. 9. These show the 
usual division into an intrinsic and extrinsic 
range. In order to compare the values for various 
alloys of different impurity content, the values of 
log o in the intrinsic range have been extrapolated 
to room temperature to give an effective room 
temperature intrinsic conductivity. The variation 
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Fic. 9. 
(a) 10 mol. per cent GaSb, 90 mol. per cent InSb 
(b) 47 mol. per cent GaSb, 53 mol. per cent InSb 
(c) 76 mol. per cent GaSb, 24 mol. per cent InSb 
(d) 94 mol. per cent GaSb, 6 mol. per cent InSb 


Logioo vs. 108/T for typical alloy specimens 


of this value as a function of composition is shown 
in Fig. 10. 

The measured values of c were used to give the 
corresponding values of mobility, and in the 
extrinsic range the simple Hall mobility for one 


SN 


~ 


ee 


InSb ol % GaSb 9aSt 


. 10. Variation of intrinsic conductivity (extrapolated 
to room temperature) with composition. 
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type of carrier » = oRy has been used. As the 
high InSb content alloys are n-type, the room 
temperature results for these give un, while with 
the large majority of the alloys, the extrinsic range 
results give a room temperature value for pp. 
For comparison purposes, these values of pp 
have been multiplied by the corresponding value 
of b, and Fig. 11 shows the resultant variation of 
én With composition, the results from the two 
types of material being shown differently. It is 
seen that pn falls rapidly from the value for pure 
InSb, but levels out in the middle of the com- 
position range at a value of the order 104 cm?/V 
sec, and then at high GaSb content falls again 


InSb mo 
Fic. 11. Variation of room temperature electron mobility 
) from p-type alloys @ from n-type 
alloys. 


with composition 


to the GaSb value. This form of curve is somewhat 
different from that which might be expected from 
simple alloy scattering theory, which would 
predict a minimum near 50 mol. per cent GaSb. 
However various other factors will influence the 
form of this curve, e.g. (i) the increase in effective 
mass as the GaSb content of the alloys is increased, 
(ii) the interband scattering which can be expected 
to occur with GaSb and alloys close to this com- 


position, (iii) the effect on alloy scattering of any 


possible ordering in the alloys. Thus the simple 


curve showing a minimum at 50 per cent is not 
to be expected. For the p-type alloys, p, lies in the 
range 8x 1016 to 4-5 x 1017/cm3, while the values 
of Ry for the n-type specimens give values of 
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in the range 6 x 1015 to 3 x 1016/cm3. These latter 


specimens are probably compensated however, 


with a total impurity content comparable with that 
of the p-type material. Thus the mobility values 
quoted correspond to material of relatively high 


impurity content. It is probable however that with 
alloys of this type, the predominant scattering 
mechanism at room temperature is not impurity 
scattering but alloy scattering. This is considered 


further below. 


Fic. 12. Logiopun vs. log T for typical alloy specimens 
(a) 10 mol. per cent GaSb, 90 mol. per cent InSb 
(b) 47 mol. per cent GaSb, 53 mol. per cent InSb 

per cent GaSb, 30 mol. per cent InSb 

per cent GaSb, 14 mol. per cent InSb 

9 mol. per cent InSb 


(c) 70 mol. 
(d) 86 mol 


(e) 91 mol. per cent GaSb, 


To obtain values of «x» for temperatures greater 
than that corresponding to the peak in the 
R-vs. T curve, equation (9) has been used, and for 
each alloy the variation of log yu» against log T 
determined. Typical results are shown in Fig. 12. 


log T 


graph divides into two linear sections of different 


In a large number of cases the log py vs. 


slope with a small transition region between the 
two. Applying the relation noc T-* to these results, 
two values of x can be obtained for each specimen. 


The low temperature values of x (x) are shown 


and C. M. 
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plotted against composition in Fig. 13. There is 
considerable experimental scatter on the points, 
but a smooth curve can reasonably be drawn 
through them. This value of x; falls from 1-5 for 
InSb as GaSb is added, but over a range from 
20-65 mol. per cent GaSb lies within the limits 
0-8 to 1-0. This is to be compared with the values 
of x between 0-7 and 0-85, obtained by GLicks- 
MAN(3) for Ge-Si alloys, and the theoretical value 
of x = 0-5 for alloy scattering given by Norp- 
HEIM(4) and Brooks), It appears from this, that 
as indicated above, at these temperatures and in 
this range of composition the predominant scatter- 
ing effect is that for alloy scattering. For alloys of 
GaSb content greater than 65 mol. per cent the 


€ 
InSb mol % GaSb 


Fic. 13. Variation of mobility temperature exponent x, 


with composition (assuming that p « J~*1 at lower 


temperatures). 


value of x; rises sharply, attaining values of 3-2 
in the range 90-95 mol. GaSb. 
the effects discussed previously appear to affect the 
scattering processes, but insufficient data is avail- 


per cent Here 


able for this to be discussed. 

The high temperature values of x (x2) are less 
definite, occurring near to the maximum tempera- 
ture of measurement. Up to 60 mol. per cent 
GaSb however the value lies between 1-5 and 2-0 
and would appear to correspond to a predominence 
of lattice scattering at the higher temperatures. 
For compositions with more than 60 mol. per cent 
GaSb, larger values of xg are obtained rising to a 
peak value of 5-8 between 90 and 95 mol. per cent 
GaSb. In this range, the scattering processes will 
be complicated by the effects discussed above, and 
little can be said about the values of xo at this 
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stage. The temperature range in which the transi- 
tion from x, to x2 occurs shows some correlation 
with the values of 7; given in Fig. 5, but the effect 
is more complicated than the transition observed 


in the graphs giving Ep. 
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angular dependence of scatteri 


and the effect of the length of the 


INTRODUCTION 
Despite the large amount of work performed with 
heavy particle damage in solids, little experimental 
information is available on the spatial distribution 
of damage resulting from a single primary struck 
atom. The intensity of scattered light gives informa- 
tion about the volume of these regions, while the 
angular dependence is a measure of their extent. 
On the other hand, little can be learned from light 
scattering about the atomic nature of the damage 
since imperfections or clusters of imperfections 
than tenth of 


scatter in phase and hence appear the same as 


smaller about a wave length 
homogeneous damage within a region of this size. 
As will be shown, damage from a single primary 
extends over a distance comparable to the wave 
length of light and the angular dependence of 
scattering exhibits unusual interference effects. 
From macroscopic density changes Primak has 
estimated the damaged volume from a single 
primary as about (84 A)? in silica.“ 
parable to the average value of (67 A)® found in this 
work. In addition, the light scattering indicates 
that the rod shaped and 


surrounded by 


This is com- 


iwwed regions aré¢ 


an 


dam 
strain resulting from the change 


in volume that they undergo. 


EXPERIMENT 


Blocks of Corning fused silica (Code 7940) 


fast neutron 
is about 
out in a long thin, 
angular dependence of scattering for the Hy, and V 
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, Corning, N.Y. 


1960) 


irradiated fused silica indicates that the 
A) 


or rodlike, region in order to give inter- 


(67 There is dissymmetry of scattering 


components is different 


g that strain surrounds the damaged region. Theories of the strain 
quantitative account of the scattering. These indicate how 
ing may be interpreted to discriminate between the effect of strain 
rodlike regions. The length is found to be approximately 1800 A. 


about 32x38x7:5mm were irradiated in a 
graphite reactor at Oak Ridge. The irradiation 
facility had enriched uranium surrounding it and 
the neutron spectrum 
spectrum. Water cooling kept the temperature 


during irradiation below 40°C. The glass remained 


was close to a fission 


substantially colorless. At the highest exposures, 
the absorption coefficient at 436 mp did not 
0-09 cm=! that corrections to the 
scattered intensity were small and corrections to 
the angular dependence of scattering were 
neg Light scattering measurements were 


exceed SO 


igible. 


e at 436mp in the instrument previously 


l 
mad 
described using benzene as an index fluid.@) This 


introduces a small index of refraction difference 
between the glass and fluid which alters the scat- 
tered intensity comparison and the angular distri- 
bution of scattering. No correction was made for 
these effects because they were small compared 
with other Absolute scattering 
values with incident unpolarized light were ob- 


uncertainties. 


tained by comparing with filtered benzene and 
using the value of 48-4x 10-6 cm~! for Ry, (90) 
of benzene.* For the measurements with incident 


The R 
perpendicular to the 
polarized light. It is the scattered power per unit solid 


symbol (90) designates Rayleigh’s ratio 


incident beam with incident un- 


angle per unit volume of sample per unit incident 
intensity. 





LIGHT SCATTERING BY 
polarized light, the absolute scattering power was 
established by measuring V,+H,+2V», from a 
secondary standard that had previously been com- 
pared with benzene using incident unpolarized 
light.* From this the quantity V,+H,+2V >» for 
benzene was obtained. 


RESULTS 
Figure 1 shows the scattered intensity as a 
function of exposure. In addition to these data, 
an irradiation of 1x10!5nV gave no change in 
scattering within the precision of measurement. 


16 
100 XIC 


5 10 50 
FAST NEUTRON EXPOSURE (nv1) 
1. The scattered light intensity with incident un- 
polarized light vs. the neutron exposure. 


Fic. 


The straight line in the figure is drawn with a 
slope of unity indicating that the damaged centers 
are scattering independently. On the basis of these 
data the scattering will be analyzed by the summa- 
tion of intensities scattered by individual damaged 
regions. 

An important feature of the scattering is the 
presence of dissymmetry (/45//135) showing that 
the damaged regions are comparable to the wave 
length of light in extent. With incident unpolarized 
light the dissymmetry was about 1-4. However, 


* The symbol h or H represents horizontally polarized 
light and v or V vertically polarized light. The capitals 
give the polarization of the scattered light under ob- 
servation with incident light of polarization shown by the 
subscript. The symbol Py is used to designate any 
arbitrary combination of these. 
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measurements with incident polarized light showed 
that this dissymmetry is due almost wholly to the 
V, component while the Hy, component had a 
dissymmetry less than unity. ‘To make sure the 
instrument was functioning properly, the polarized 
components scattered by an optical glass were 
measured and the dissymmetries for both V » and 
H», were equal and within 3 per cent of unity as 
expected.?) In conventional scattering from 
isotropic centers the two components are expected 
to show the same interference effects. The opposite 
angular dependence is therefore highly unusual. 
However, similar results have been predicted 
theoretically in the analysis of the effect of strain 
surrounding the scattering center.) Strain scatter- 
ing shown below can give a satisfactory account 
of this peculiar scattering. Only the two highest 
irradiations gave sufficient scattered light intensity 
measurements of the various 


to make good 


polarizations. These results are given in Table 1. 


The values were corrected for optical absorption 
of the sample and the variation of scattering 
volume with angle in order to place them on the 
same intensity scale. 

The polarized scattering components permit an 
estimate of the contribution of fluorescence to 
these results since it appears equally in all com- 
ponents V,, Hy and V» and is independent of 
scattering angle. The smallest value of these com- 
ponents therefore represents the maximum amount 
of fluorescence. With incident unpolarized light 
it could represent a maximum of 10 per cent of the 
recorded intensity. In the Vy component it would 
be a much smaller fraction but the V;, component 
could be entirely fluorescence since it is the 
smallest. These estimates are important since the 
sample’s fluorescence appeared to the unaided 
eye to be much stronger than any scattering could 
have been. With incident 546 mp light, the red 
fluorescence reported previously was observed.) 
At 436 mp the fluorescence was much less than 
with the 546 my line and would therefore inter- 
fere less with the scattering observations. In addi- 
tion, the receiver was equipped with an interference 
filter for this wave length so that most of the 
fluorescent light was eliminated. 


DISCUSSION OF THE RESULTS 
Gross features of the scattering 


The scattered intensity is a gross feature of 
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the scattering that can be used to obtain an estimate 
of the volume of the damaged region. It will be 
analyzed as if the scattering were from isotropic 
centers although from what follows later it is clear 
that the centers are not isotropic. The anisotropy 
does not alter the magnitude of the intensity 
sufficiently to be taken into account at this stage. 
Furthermore, this approximate analysis of the 
intensity provides a clear indication of the shape 
of the damaged regions which is necessary to 
interpret their anisotropy. 

Several sizes or types of damaged region may 
be expected because of the variation of energies 
of the primary struck atom with its angle of recoil 
and the spread of incident neutron energies. ‘There 
ire also two types of primary, but silicon and 
oxygen have almost the same fast neutron cross 
section and the 
The 


identical and therefore represents a type of average. 


masses are not greatly disparate. 
following analysis treats the centers as 
Using 1 MeV as the average neutron energy, the 
appropriate cross sections for silicon and oxygen 


are 3-0 barns. From this value and the density of 


the number of damaged regions per 
0-20 E where E 


is the exposure in nV. Rayleigh’s ratio, re- 


2-20 g cm 
unit volume, NN, is given by NV 
presenting the intensity of scattered light, is given 
by the data of Fig. 1 as Ry (90) 2°04 x 10-28 


E in cm~!, These two values permit an estimate of 


the volume V of the scattering region through the 
Rayleigh-Gans—Born approximation for isotropic 
centers which gives 

2NA Vy)21(90) (1) 


R,, (90) Nan < An 


where n is the index of refraction of the sample 
(1-46 here), An>ay is the 
in refractive index of the damaged volume V, A is 
the vacuum wave length of the light, and 72(@) is an 


average variation 


interference function characteristic of the shape 
and size of the scattering regions. The Rayleigh 
Gans-Born approximation assumes that the 
incident plane wave remains a plane wave through- 
out the scattering region which is good for small 
variations in refractive index. The function 7(@) 
is approximately equal to unity when the size of 
the volume is not very large compared to a wave 
length of light—that is, when the dissymmetry is 
ot far from unity as was observed. 

Equation (1) requires a value of <Am)ay to 


yield the volume of the damaged region. The 


MAURER 


average value of refractive index change over the 
volume V cannot be greater than the refractive 
index change in the bulk sample at saturation. This 
stems from the long wave length of light which 
means that essentially bulk quantities are appro- 
priate to the scattering equations. On the other 
hand, (An>ay might be less than the saturation 
value if the damage were widely distributed. There- 
fore we will use in equation (1): 


An>ay = fAn (2) 


where An is the variation in refractive index in a 
bulk sample at saturation and f is the fraction of 
the volume possessing the equivalent of saturation 
damage. It is shown below that f is of the order of 
unity. The combination f AnV now appearing in 
equation (1) is proportional to the polarizability 
of the damaged volume and expresses the fact that 
variations in refractive index and the size of the 
volume are equivalent. Equations (1) and (2) give 
fV = (67 A)® using the experimental” value, 
An = 0-01. 

For any value of f, the quantity fV represents 
the average volume possessing saturation damage 
per primary and hence must agree with bulk 
changes in density during the approach to satura- 
tion. Prrmak has analyzed such data and obtained 
a value of (84 A)® for this quantity.”) From an 
exponential approach to saturation as he used, 
but an average cross section as used here, a value 
of (74 A)? is obtained. No matter which analysis 
is employed there is close agreement showing 
that the preceding interpretation of the light 
scattering is essentially correct. 

An estimate of the value of f can be obtained 
by studying the possibility of interparticle inter- 
ference. That is, as the volume concentration of 
scattering centers is increased the scattering from 
separate centers interferes so that the intensity 
no longer increases linearly with concentration 
and the scattering in the forward direction is 
reduced preferentially. Such effects do not appear 
even at the highest exposure as shown by the 
linear relationship in Fig. 1 and also by the fact 
that the dissymmetry of not 
diminish. Interparticle interference effects appear 
at various concentrations depending upon the 


scattering does 


size and shape of the scattering centers, but they 
are usually detected before ten per cent volume 


concentration is reached—that is, NV < 0:1. From 
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Table 1. Scattered light of various polarizations with polarized incident light of 436 mu 


Sample Component 


5 «1017 nV 


«1018 nV 


Scattered intensity 
Dissymmetry 


0-84 
1-82 


0-80 
1-80 


These results represent only the increase in scattering due to irradiation. All data have 
been corrected for the change in scattering volume with angle and are given on the same 


intensity scale. The sum Hyxz+Vv+2V >» at 90°, 


benzene on this scale. 


above, NfV is about 0-06 at the highest exposure 
so f > 0-6 with the larger values more probable. 
On this basis a reasonable estimate for the total 
volume of the scattering region is V ~ (70 A)® and 
the damage within this region approaches that 
found in the bulk sample at saturation. 

The value of 70 A represents the approximate 
linear extent of the damaged region if it were 
roughly spherical. Such a size is far too small to 
give the dissymmetry of scattering which was, in 
fact, observed. Consequently the damaged volume 
must be strung out in some long rodlike region. 
The scattering of thermal waves in irradiated 
sapphire possibly indicates a similar shape.®) ‘This 
is not to imply that the damaged region is exactly 
straight or well defined even though such descrip- 
tions will be used for the purpose of calculation 
below. The dissymmetry of 1-4 indicates a rod 
length greater than 1000 A. Therefore the rod 
must be considered very thin (<18 A) compared 
to its length and, in such a case, the dissymmetry 
ordinarily can be interpreted in a straightforward 
way to give the length. However, the different 
angular variations found for the polarized com- 
ponents show that the results do not represent 
an ordinary situation. The following theoretical 
analysis provides an explanation of the polariza- 
tion effects and shows how they may be interpreted 
to provide an estimate of the length of these 


regions. 


Detailed features of the scattering 
The preceding analysis has assumed an isotropic 
scattering center which gives good estimates of the 


which is proportional to Ry (90), is 200 for 


quantities that were derived but is inadequate for 
describing the observations with polarized light. 
Since the damaged region occupies less volume 
after damage than before, it is surrounded by a 
strained region with anisotropic refractive indices 
resulting from the photoelastic effect. This outer 
region of altered optical properties contributes 
to the scattering as well as the damaged region 
itself. GOLDSTEIN) analyzed the problem for 
spheres and showed that the strained region affects 
only the angular variation of Hy. From this, the 
effect of strains on the scattering may be charac- 
terized by the dissymmetry ratio D, defined by 


D = dissymmetry of H;,/dissymmetry of V , 


For isotropic centers D is unity while for in- 
homogeneities cooled from high temperatures it 
can be either more or less than unity.) The 
data in Table 1 give an average value for D of 
about 0-45. To assess the influence of strain around 
two different shapes, rods and spheres are analyzed 
in the appendixes. From (1A) and (6A) with 
p = 0-197 and gq = 0-088, the sphere gives a 
value for D of 0-09 and the rod a value of 0-31. 
Both are less than unity showing that strains can 
cause the effect observed; however, the rod shape 
gives a value closer to the observed value. If the 
damage along the rod were in fairly widely 
separated regions, the model of a string of spheres 
might be appropriate. In Appendix 1 this is shown 
to give a value of D the same as a single sphere, 
which is much too low. In other words, damage 
along the rod is fairly uniform—a_ conclusion 
deduced independently above after considering 
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the absence of interparticle interference effects. 
This analysis of the polarization of the scattering 
generally corroborates the deductions made from 
the analysis of the intensity of scattering. 

The length of the rodlike regions can be esti- 
mated best from the V 
least affected by strains. From (6A), a dissymmetry 


component since it is 


IC< 

of 1-8 corresponds to a rod 1800 A long. Using 
only the first term, which is appropriate in the 
absence of str 1S, this dissymmetry corresponds 
to a rod 1600 A long. The length must be ap- 
proximately equal to the range of the primaries 
which have an y of about 200 keV 
with incident neutrons of 1 MeV. This may be 
ith the 950 A range found for 40 keV 


average energy 


compared w 
argon 10NS 1n a silicate glass.” 

The rodlike regions possess a volume approxi- 
mately equal to the damaged volume calculated 
from macroscopic changes so these must comprise 
a large part of the damage. A rod shape indicates 
the preservation of momentum. Consequently, a 
large part of the damage must occur during the 
initial part of the primary’s path before its mo- 


mentum is lost. 
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APPENDIX 1 


Light scattering by a sphere under stress 
This appendix shows how GOLDSTEIN’s'*) expressions 
for scattering by a sphere under stress can be applied 


j 


jamage for estimating the effect of strain. 


to radiation « 
First, the refractive index increments are expressed in 
terms of the photoelastic constants so that quantitative 
estimates for the change in the Hy, and Vy components 
can be made. Second, a development shows that an 
assemblage of non-interacting spheres exhibits scattering 
similar to a single sphere. 


The expressions for a sphere may be written‘) 
V, Vo(27nV )?A4Ro* [x + (50/3)? 
Hi), Ho(2znV )?A ‘Ro [2 cos 6—(d9/6)(3 4 cos 6) |? 


V, = A, 0 (1A) 
These are in Goldstein’s notation, with « the incremental 
refractive index difference between the sphere and the 
bulk sample, and 0 the difference between the radial 
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and tangential refractive indices due to the strains, 
evaluated at the surface of the sphere. The scattered 
intensities for one sphere per unit volume of the sample 
are /’y and Hy» while the incident intensities are Vo and 
Ho Ro is the distance from the sample to the point of 
observation, and V is the volume of the sphere. 
The 


in the form 


three stress-strain equations may be written 


Ee; pi-—o(pit+pr)t Eeo (2A) 


where F is Young’s molulus, o is Poisson’s ratio, and eo 
is the strain due to damage alone in the absence of stress. 
The value of eo is constant inside the sphere and zero 


outside. The strains for the sphere are then‘® 


inside the sphere 


outside the sphere 


2e0( 1 + a) R3 


er = 


‘These are utilized in the three photoelastic equations of 


the form 


- An; n°(gei + pe; + pex) 


The change in refractive index due to damage alone 
can be described closely by the photoelastic constants‘® 


so (3A) gives 


An —n?*(q+2p)eo 


An(1+ 0) 


3(1 —a) 


ga= 


An(p — gl +o) 
00 = 
(¢+2p)(1—<¢) 
where An is the same as in equation (2). 
these in (1A) and using the measured values of the photo- 
permits calculation of the ratio of 


Substituting 


elastic constants‘® 
the dissymmetry of the Hy, component to the dissym- 
metry of the Vy» component. 

The above problem can be applied to an assemblage 
of spheres if they do not interact. The scattered ampli- 
tude for any scattered intensity of polarization Pp 
is given by a summation over all the spheres in the 


assemblage 
Pv = fp (sphere) > exp(zks + 1';) 


Assuming that the size of the spheres and their separation 
are small compared to a wave length, the summation may 
be replaced by an integral. The result is then multiplied 
by its complex conjugate and averaged over all orienta- 
the scattered intensity. The quantity 


tions to give 
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(p’p)* is spherically symmetric so the orientation average 
is only over the form of the assemblage giving 


Py = P’y (sphere) n'2i(8) 


where P’»y (sphere) is the appropriate expression from 
(1A), 7’ is the number of spheres per unit volume in the 
assemblage, and i(@) is the interference function ordin- 
with the shape of the assemblage. 


arily associated 


For rods it is given by(10) 
ii(ksL) = 2(ksL)-2[cos ksL —1+ksL Si(ksL)] 
(4A) 


where 


4nA- | sin(9/2) with 


L is the length of the rod and ks 
6 the angle of scattering. 
From this and (1A), the V 
interference associated with the form of the assemblage 
while the Hy, component exhibits the interference of 
the form altered by the strains. The ratio of the dissym- 
metry of the Hy, component to the dissymmetry of the 


component exhibits the 


V» component is the same as for a single sphere 


APPENDIX 2 


Light-scattering by a rod under stress 

This appendix develops expressions for the scattering 
by a smooth rod under stress with particular emphasis 
on the problem of radiation damage. The damage 
consists of long thin regions which are approximated 
here as sections of an infinite rod under stress. That is, 
end effects are neglected. 

The strain problem can be solved with the form of 
solution given by Poritsky“) and equation (2A). The 
following boundary conditions are applied. ‘The tangen- 
tial strains are equal at the rod surface, the radial stresses 
are equal at the surface, and all the strains vanish at 
infinity. In addition, there is no axial displacement 
since all sections of an infinite rod cannot be equivalent 
if there is. The strains are then inside the rod 


eo(1+.¢) 


2(1 —oa) 


0) 


and outside the rod 
eo(1 + 0)R? 


2(1—«)r? 


Substituting these in (3A) gives the components of the 
polarizability tensor, P. 

Scattering by a segment of this rod can be calculated 
following the formalism used by GOLDSTEIN?) in des- 
scribing the sphere under stress. First, the contribution 
of a thin slice of the rod and its surrounding strain field 
is evaluated. Then the sum of these slices, with proper 
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compensation for phase, represents the scattering by the 
rod. The center of the disc-like section is chosen as the 
origin and orientation of the disc is expressed by the 
angles between a line perpendicular to the disc and s. 
As usual, s = S—Spo where Sand Sp are unit vectors in the 
direction of scattering and in the direction of the incident 
wave respectively. In the laboratory coordinate system, 
the incident light beam direction is along X, with Xe 
vertical. A second coordinate system based on s is formed 
by rotating this system about X2 an amount 9/2 so the 
X3 direction is along s. A third coordinate system is the 
cylindrical coordinate system of the rod shown in Fig. 
2 where Xj is the r direction, X2 the ¢ direction and X3 


the z direction. 


Fic. 2. Relation between the system based on s (primed 
coordinates) and the system based on the orientation 
of the rod illustrating the 7 matrix transformation. 


The contribution of a small volume element dV 
r dr do dz is given by 


E; = 2xn dVX*R_! cos(kr - s) MT PTMEp 
(5A) 


where all the terms except the matrices were defined 
previously. Here the polarizability tensor is expressed 
in terms of refractive index increments. The matrix M 
based on the 


transforms from the laboratory system 


incident beam to the system based on s 
0) sin(@/2) 


0 


0 cos(@/2) | 


The matrix 7 transforms from this system to the 
coordinate system based on the disc. If we use the nota- 
tion (X; X,) to designate the cosine of the angle between 
the X; axis in the former system and_X; axis in the new 


system, then 
| (X1X"1) 
|(X2X"1) 
| (X3X"7) 


(X,X’2) 
(X2X"e) 
(X3X"e) 


(X,X’3) 
(X2X'3)| 
(X3X°'s) | 





COs y SIN 6 
sin j sin 8 cos%— 


sin % siny 


Q ‘ 
sin 4 Ppt ISY COSP COS F 


) 


cosy sinf cos%— sin y cosp 


Sin &% COS Y 
sin x COS 6 
X3X'9) 


sina sinB 


(X3X’3) 


COS & 


last operation in M transforms to the 


direction S. 


beam along S in the Xi direction so the X92 component 


light of 


is horizontal polarization 


, 
is scattered 


component 


From equation (5A) the amplitude of 


light of 


polarization, Eps, can be 


derived. The 
has only an 


an X 


all the 


X2 component, we, tor 


volume 


the rod and strain field gives 


E.,.<( disc) 
lzKvo 


\( Pp + g)(sin-f COS“% 


L 


R- P-Y) | (cos*8 


sin y,cos cos 


) 
COS Y COS Pp 


It leaves the propagation of the scattered 


vertical polarization, F,;, and of horizontal 


incident 


component, ho, for the latter 


elements comprising 


R. D. MAURER 
where 
= cos(Ars sin x sin y) 
: mnAn(1 +c) 
K = 
A?Ro(2p+q)(1 —_ a) 
The radius of the rod, R, is taken as very small compared 
Therefore the integral inside the rod 
is approximately equal to 7R® and the integrals outside 


to a wave length 


may be evaluated through the approximation!) 


ie) 
cosy — j 
dy = — logCx 


where C is a constant. The logarithmic integrals are 
integrated by parts with the result that 


Ey5(disc) 2KvorR? dz[p 


> 


(p—q) sin? cos*z |] 


scattering 


Eys(disc) = Kho7wR2 dz{[(p+q) cos?—(p—q)]+ 


+(p—q) cos*z[(1+ cos @)+(1— cos @) cos?f}} 


vertical polarization and the X3 


The amplitude scattered by a rod is the sum of disc-like 


elements with compensation for phase so the right 


the scattered y 
hand sides of the above equations are multiplied by a 
factor 
light, 

L/2 


former and “ 2 : 

orm<¢ ¢ 2 sin(shksL cos x) 
Integrating cos(ksz COS %) a2 
the disc-like ks cos % 


cos-6)-+ 2p sin2x sin28 


« ar 
cos 2y “at dy+ sin 28 COS % sin 2y "ed 
. Y « 


R R 


ra 
2Q 


sin? —(sin?B4 
2] 


cos“ cosa) 


ve) ) od 9p 
(COS-fh COS“%— SI1N“p) 


9 


. 


28 cosx% | sin 2y ¢ 


R 
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The resultant expressions are squared and averaged over « and §f assuming that the scattering is the sum of 
intensities scattered by a random arrangement of such rods. Finally, 


V,, = 4VoK?V2[pt1(ksL) — 4 p(p — q)to(AsL) + 85(p — 9)?23(RsL)] 
Hy, = HoK*V>{[(p+q) cos @—(p—q)P(ksL) + 4(p—g)(3+ cos 6)[(p+q) cos @—(p—q)}io(RsL) + 


-g5(P—G)2(19+10 cos6+3 cos?6)i3(ksL)} 
(6A) 


with Vx, = Hy, = 0 shown in a similar way. Here, 3. GOLDSTEIN M., J. Appl. Phys. 30, 501 (1959); 31, 
07 ( 
= 6X-*(1 —X-1 sin X) p — “a ; y ie 
. Prrmak W. and Upuaus R. A., J. Chem. Phys. 29, 
972 (1958). 
X-5(X3— 3X2 sin X—6X cosX+6 sin X) 5. BERMAN R., Foster E. L. and Rosenserc H. M., 
Report of the Conference on Defects in Crystalline 
Solids. The Physical Society, London (1955) 
and 1;(ksL) is the same as in equation (4A). The first . PrrmAK W. and Post D., J. Appl. Phys. 30, 779 
term in each equation of (6A) contains the interference (1959). 
expression associated with rods in the absence of strain. . Hines R. L., J. Appl. Phys. 28, 587 (1957). 
With Vy this is the dominant term and the strains have 8. Love A. E. H., The Mathematical Theory of Elasti- 
only a minor influence on the angular variation. On the city. Cambridge University Press, London 


10 


ea 
3 


other hand, with spheres the strains do not influence (1927). 
. Handbook of Physics, (edited by CONDON E. U. and 
OpIsHAW H.). McGraw Hill, New York (1958). 
REFERENCES 3 NEUGEBAUER as Ann. Phys . Lpz. 42, 509 (1943) 
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Abstract 


ese were measured at liquid helium temperatures; 


Specific heats of several specimens of copper alloyed with from 0:14 to 10 wt.°, 


mangan 
and for some of the specimens, measurements 


were extended to 15°K. All exhibit an anomalously large specific heat compared to pure copper, of 


which the excess 


is associated with the magnetic transition known to occur in these alloys at low 


temperatures. The excess entropy associated with the anomaly indicates a spin on the manganese 


atoms of about 2; but for a number of reasons this spin cannot be established accurately. The shape 


specinc 


of the | 


heat anomaly is different from any of the well-known theoretical forms, e.g. 


the 


Schottky or the A-point types. At the lowest temperatures the excess specific heat is linear in T and 


essentially independent of Mn concentration for the entire range of composition studied. 


INTRODUCTION 


Cu-Mn alloys exhibit re- 


] 
( 


DILUTI anomalous 


sistivity characteristics at low temperatures, 


and constitute one of a class of dilute alloys which 
resistance maximum and minimum, in 


possess a 


behavior of a resistance 


with 


contrast to the normal 


which varies monotonically temperature. 
This and other properties of the system have led 
the magnetic be- 


that a 


to extensive investigations of 


havior, 1n which it was found high- 
temperature paramagnetism (with positive Curie 
at low 


temperature) gives way temperatures to 


anti-ferromagnetic behavior, with hysteresis 
effects.:4-) ‘This indication of an ordering process 
suggested specific heat measurements to probe 
the nature of the transition and the spectrum of 
quantum states involved. 

The presence of specific heat anomaly associated 
with the above effects was already indicated several 
years ago by measurements (unpublished) at 
hydrogen temperatures and above made by G. L. 
Bootu and F. E. Hoare at the University of 
Leeds. The present measurements were carried 


out in order to obtain a more complete picture of 


the specific heat anomaly. Preliminary reports of 


these results have been presented previously. 6 


EXPERIMENTAL METHOD 

Two separate calorimeters were used in this 
work and will be briefly described. The first, 
shown by the sketch in Fig. 1(B), was designed 
for use at helium temperatures only, and in- 
bulb thermometer with 
vacuum-jacketed down tube. The bulb 
pressure was read on a mercury manometer by 
of 
approximately 0-02 mm. For purposes of tempera- 


corporated a vapor 


vapor 
means of a cathetometer with an accuracy 
ture regulation during thermometer calibration, 


the pumping rate could be regulated, either 


manually or automatically, to hold the bath 
pressure constant to within 0-01 mm Hg. This 
does not mean, of course, that the bath tempera- 
ture was held correspondingly constant, owing to 
superheating effects above the A-point. 


I(A), 


was used for helium temperatures and above. It 


The other calorimeter, shown in Fig. 


consisted of two concentric copper cans, the inner 
one carrying a heater winding and a carbon 
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resistance thermometer, by means of which its 
temperature could be regulated and held constant 
by electronic control. The inner can also incor- 
porate a gas thermometer bulb at 75 cm® capacity 
with vacuum jacketed down tube of about 0-050 in. 
i.d. 

A Wallace and Tiernan “precision dial mano- 
meter’ was used to read the gas thermometer 
pressure, which was adjusted to about 80 mm Hg 


VACUUM PUMF 
AND TRANSFER GA 
CONNECTION 


GAS THERMOMETER 
CONNECTION 
~| + 


RADIATION 
BAFFLES 


STUPAKOFF 
\ 4— SEALS - 
| HEATER & 
}| THERMOMETER 
, ASSEMBLY 


ore <> 


{_) ~ SPECIMEN ~ 


Fic. 1. The colorimeters used for the measurements 


(a) from 3 to 16°K 
(b) from 1°8 to 4:2°K 


at 4-2°K. Corrections for the dead volume of about 
10 cm? and for the departure of helium from per- 
fect gas behavior were applied. The gas thermo- 
meter was standardized at the triple point of 
normal hydrogen and was checked at the normal 
boiling points of hydrogen and of helium. These 
checks showed the thermometer to be accurate 
to about +0:02°. 

A novel feature of these calorimeters was the 
heater and thermometer assembly attached to the 


specific heat specimens. This consisted in each 
case of a handmade 500Q wire-wound resistor 
about ;'g in. in diameter by jin. in length, and a 


47 Q yo W carbon Allen-Bradley resistor of 

similar dimensions. The two resistors were cement- 
. e" a. 

ed into a single copper sleeve, 7@ in. 0.d. by ¢ in. 
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long, with end caps. The copper sleeve was 
soldered to a thin copper tab, which in turn was 
held in contact with the specimen by a 3-48 brass 
screw and nut. Electrical 
resistors and the calorimeter walls were of No. 40 
manganin and were trimmed to a resistance of 
10 Q per lead. The leads were taken through the 
calorimeter walls by means of Stupakoff seals, 
and at this point separate current and potential 


leads between the 


leads were attached. The method employed here 
of attaching the addenda to the specimen gave 
perfectly adequate thermal contact by any test 
we could devise, and is obviously very simple and 
convenient since specimens of practically any size 
or shape can be used. In certain cases where it was 
desired not to drill a 3-48 clearance hole in the 
specimen, a copper band in the shape of a minia- 
ture hose clamp was used to attach the addenda, 
again with satisfactory results. The only disad- 
vantage of such a method appeared when speci- 
mens of very low thermal diffusivity, e.g. Fe-Mn 
alloys, were measured and equilibrium times of 
the order of a minute or more were encountered: 
however, this difficulty almost certainly arose from 
the very asymmetrical way in which heat was 
supplied to the specimen rather than a thermal 
contact resistance. Even this is not so disad- 
vantageous as might at first be supposed, because 
if the low diffusivity were caused by a high 
specific heat, thermal drift rates resulting from 
extraneous heat input would be correspondingly 
low, and the net result is but a loss of time rather 
than accuracy. 

Specimens were suspended in the calorimeters 
by means of a single fine manganin wire, the wire 
size being chosen more or less according to the 
weight of the specimen. Some very qualitative 
evidence indicates that such a suspension gives 
lower vibrational heating of the specimen than a 
nylon thread suspension, presumably because of 
lower internal friction in the wire as compared 
to thread. Helium transfer gas was used in both 
calorimeters during calibration of the carbon re- 
sistance thermometers. The general experimental 
procedure was conventional. In the helium- 
temperature calorimeter the resistance thermo- 
meter was calibrated against the vapor pressure 
thermometer at 12 to 14 points between about 
1-8 and 4-2°K, for each run. The R, T data were 
used to derive (by least squares) an equation of the 
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t C(log R)é-, 


which gave a satisfactory fit, except for a system- 
atic discontinuity at the A-point of helium of several 
millidegrees. This small discontinuity was op- 
posite in sense to that which would be predicted 


basis of 


the small hydrostatic head of helium 
bulb the 


“high-temperature” calorimeter 


oO! 


(about 2cm) between the vapor and 


specimen. In the 


or calibration points were obtained 


fifteen twenty 


3 and 20°K and the data were reduced as 


above. 


betwee! 


described 


alibrations is indicated by the scatter of cali- 


The quality of the thermometer 


P 
bration points about the derived curve. For the 
I 


elium temperature calorimeter this scatter aver- 
aged about 0-001° to 0-003°, and for the high-tem- 
perature calorimeter 0-01° to 0-02°. These limits 
on accuracy were determined by instability of the 
helium bath in the first case, and by backlash and 
stiction of the Wallace and ‘Tiernan manometer 
in the second case. 

Specific heat measurements were carried out 
by the usual procedure in non-adiabatic calori- 
metry. Specimen temperatures were measured at 
half-minute intervals both before and after heat 
input, in order to establish drift rates. Heat inputs 
were adjusted such that the resulting temperature 
changes were of the order of 5 per cent of the 
while corrections for ex- 


traneous heat inputs were in general less than 2 


absolute temperature, 


per cent of the temperature changes. 


SPECIMENS 

A total of seven specimens were prepared for 
this study. Four of these, nominally 4, 1, 2 and 4 
per cent Mn, were prepared at the University of 
Leeds, and the others were prepared by the 
Metallurgy Department of this Laboratory. Each 
specimen was vacuum annealed for 16 hr. at about 
100°C 
specimens, for which the specific heat data seemed 


below the liquidus point. Two of the 


most significant, were analyzed chemically and 
spectroscopically. ‘The chemical analysis showed 
Mn contents of 0-135 +0-01 and 0-485 +0-005 wt. 
per cent, respectively, these results being derived 
from three different analyses on each specimen. 

A single crystal of copper of spectroscopic 
was also measured for of 


purity purposes 


HOARE 


and F 


comparison. This specimen was furnished by 


G. A. ALrErs and J. NEIGHBOURS. 


RESULTS AND DISCUSSION 
The specific heat of pure copper is shown in 
Fig. 2 along with a straight line representing the 
equation, C,/T = 0-690+1943 T?/3448 mJ /mole 
deg”, given by Corak et al.(8) The specific heats 
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T? (Deg?) 
Fic. 2. Specific heat of copper single crystal. 
at helium temperatures of specimens containing 
4, 1, 4, and 10 per cent Mn are shown in Fig. 3, 
the line for pure copper being included for com- 
parison. The data for the 2 per cent and the 4 per 











T? (Deg?) 
;. 3. Specific heats of Cu-Mn alloys at helium tempera- 
tures. 


cent specimens practically coincide, so the points 
for the 2 per cent have been omitted for the sake 
of clarity. 

Specific heats at 
measured for the specimens of 0-135, 4, and 1 per 
cent Mn content, and for the copper single 


higher temperatures were 
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crystal. Results are shown in Fig. 4, which in- 
cludes the helium-temperature data for the same 
specimens. 

We have used a plot of C/T vs. T? in Fig. 3, 
as is usual when plotting the specific heats of pure 
metals at low temperatures. In the present case 
such a plot has no a priori advantage; however the 
specific heat of each dilute alloy is nearly a straight 
line in these coordinates, with a large intercept 


ae 
15 
T (Deg. K) 


Fic. 4. Specific heats of Cu-Mn alloys up to 16°K 

De Noset and Du CHATENIER give 0:13 at. per cent 

(0-11 wt. per cent) as the Mn concentration of their 
specimen. 


on the vertical axis and a slope somewhat greater 
than that for pure copper. Thus the anomalous 
specific heat (specific heat of the alloy minus that 
of pure copper) at very low temperatures is nearly 
linear in 7, and furthermore, as Fig. 3 shows, is 
nearly independent of Mn concentratiors. ‘These 
properties of the anomaly are quite unusual and 
obviously cannot be explained as a simple Schottky 
or a A-type anomaly. OVERHAUSER"®) has recently 
explained those anomalous thermal properties on 
the basis of a new approach to the antiferro- 
magnetic properties of such alloys. This theory 
gives quantitative agreement with the results given 
in Fig. 3. OVERHAUSER’s theory has been critized 
by MarsHaL_"!) who has interpreted these results 
on the basis of well known principles without 
introducing a new mechanism. 

In Fig. 4 C/T vs. T is plotted for the three most 
dilute alloys, along with the recently published 
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data of De NosLe and Du CHarenrer 2”) for an 
alloy containing 0-11 wt. per cent Mn. In these 
coordinates entropy determined by 


measuring the area under any particular curve. 


may be 


The total entropy S required to disorder an as- 
sembly of spins, having spin s is S = Nk log 
(2s+1), where N is the number of spins and k is 
Boltzmann’s constant. Thus by determining S 


for one or more of the alloys represented in Fig. 4, 


one can calculate s. Obviously the only specimen 
for which the data are reasonably complete is the 
one containing 0-48 wt. per cent Mn. The excess 
entropy of this specimen up to 16K, using the 
extrapolation to absolute zero indicated in the 
figure, is 0:0606 J/mole deg. To this value one 
must add a number of correction terms in order 
to obtain the total spin entropy S. First, it is 
necessary to estimate the entropy remaining under 
the high-temperature tail of the specific heat curve 
beyond the range of these measurements. Second, 
both the lattice and the electronic specific heats 
of the alloy will in general be different from those 
of pure copper and will give rise to small entropy 
corrections. The electronic specific heat change 
on alloying as estimated from results on other 
dilute alloys, should be no more than 5 per cent for 
} per cent Mn. An increase of this amount in the 
electronic specific heat leads to an entropy 
correction, at 16°K, of —0-0005 j/mole deg, which 
is practically negligible: The change of lattice 
heat capacity with alloying has been calculated by 
WALDORF) , 
elastic constants, and the entropy correction de- 


using measured low-temperature 
rived is quite negligible. Since the elastic constant 
derivation of lattice specific heat applies only to 
the 7% region, one cannot definitely assume that 
the lattice entropy correction at temperatures as 
high as 10 or 20°K is negligible. Experimental 
evidence on alloys in this temperature range, from 
which one might draw conclusions, is lacking. A 
lower limit for the entropy correction may be 
obtained by adding a 7° term (the second order 
term in the lattice specific heat) to the specific 
heat of pure copper, with a coefficient chosen to 
bring the pure Cu curve into coincidence with the 
alloy curve at about 16°K. This procedure leads 
to a —0-0064, 
entropy of 0-0542. We cannot place an upper 


correction of and a total spin 
limit on the entropy correction without knowing 
the shape of the tail of the specific heat anomaly, 
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If we assume a 1/7? tail above 16°K we get an 
entropy correction of 0-016 and a total of 0-077. 
These two values of spin entropy lead to spin values 
of about 1-1 and 2-1 respectively. The latter is 
value of 2 derived from magnetic 
measurements.) However, the 1/7? tail assumed 
for the anomaly does not join smoothly on to the 
experimental data at 16°K. A smooth fit may be 
achieved using a 7! tail, but this leads to an 
improbably large spin value, and the conclusion 
is that either the tail of the anomaly 1s of 


complicated form than a simple inverse power of 


close to the 


more 


T. or that some combination of lattice heat cor- 
rection and extrapolation of the tail is required. 


For the specimen containing 0-135 per cent Mn, 


there is considerable uncertainty in the total spin 


entropy because of the extrapolation to absolute 


zero. If we assume C/T approaches zero tempera- 


ture in about the same way as for the other speci- 
mens, as indicated by the dashed line in Fig. 4, 
we get an excess entropy, up to 11K, of 0-0186, 
giving a spin of 1-6. Above 11°K the curves for 
the alloy and for pure copper begin to diverge 
again, and the general discussion concerning 
correction terms given in the preceding paragraph 
is applicable, with similar uncertainty in con- 
in the chemical 


clusions. The probable error 


analysis alone leads to an uncertainty in the spin 


and F. E. HOARE 


of (2. The apparent inconsistency between 


these results and those of DE Noset and Du 
CHATENIER on an alloy of similar composition, 
shown in Fig. 4, undoubtedly arises from the 
different methods of determining composition. 
Therefore, the data for this specimen also are 


consistent with the magnetic measurements. 
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Abstract—The incorporation of additives (In**, Ag'* or Na‘*) into cadmium oxide has been studied 


by means of precision measurements of the lattice parameter a. It is found that a varies linearly with 


N1/3, where N is the concentration (atoms per cent) of additive. When In is added, a increases. The 
straight line obtained in the plot of a vs, N1/%, however, does not extrapolate to the value of a of 
the pure oxide, but to a lower value. Initially, therefore, addition of In must decrease the lattice 
parameter. The result is interpreted as pointing to two distinct mechanisms of incorporation. The 
first mechanism (i) holds for the first fraction (~0-02 per cent) of addition, and corresponds to 
the elimination of interstitial cadmium excess, with consequent decrease of a. The second mechanism 
(ii) is a controlled valency process, which corresponds to a decrease of valency of cadmium ions, with 
consequent increase of a. Addition of Ag leads to a contraction of a. The result is explained by a 
mechanism as in (ii), except that the addition will cause an increase of valency, with consequent 
decrease of a. The possibility of alternate mechanism is discussed. An excess of cadmium of the 
order of 0-01 per cent is inferred from the results. A thermal expansion coefficient of 1:35 x 10-5/°C 


is determined from lattice parameter measurements at different temperatures. 


and there is a variation of an equivalent amount 
of Ni** ions to valence 3+. As noted by Kr6cer, 
VINK and VAN DEN BOOMGAARD®), 
valency description is not essentially different from 
the quasi-free carrier description. The controlled 


THE INVESTIGATION of solid systems containing 
foreign atoms is of considerable interest for the 
understanding of the properties of a crystalline 
solid in terms of its defect structure. Addition of 
atoms with valency differing from that of the host 


the controlled 


atoms is particularly important because it provides 
a means of controlling the type and the con- 
centration of defects. A recent and comprehensive 


account of the relationship between addition of 


foreign atoms and type and concentration of defects 
introduced thereby is given by KROGER and 
VinK”), 

We are here concerned with binary non metallic 
solids of the type MX. It can be shown that in- 
corporation of foreign atoms can give rise to con- 
trolled electronic disorder (as in the system NiO 4 
LievO) or controlled atomic disorder (as in the 
system AgCl+CdCle). The first case is also known 
as “controlled valency” after VERWEY and co- 
workers,®) who were the first to investigate the 
change in electric properties of this and similar 
systems. According to these authors, in the example 
given, some Ni** ions are substituted by Li!* ions, 


valency scheme, however, has the advantage of 
pointing more explicitly to the effective variation 
of ion sizes, and its use can therefore be justified 
when dealing with lattice parameter variations. 
Thus, the addition of LigO to NiO, besides giving 
rise to marked changes in electrical conductivity, 
is accompanied by a shrinkage of the lattice, as 
first observed experimentally by VERWEY and co- 
workers, due to the passage of some ions from 
valence 2+ to 3+. 

A study of the variation of lattice parameters in 
some semiconducting oxides, namely NiO + Li!*, 
Fe203+ Ti**, and MgeTiO4 reduced, has been 
made by BROWNLEE and MitcHe._™). In the case 
of NiO it has been shown that the lattice para- 
meter a varies linearly with N1/3, where N is the 
concentration of Lit! The straight line 
obtained in the plot of a vs. N1/3, however, does 


ions. 
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not extrapolate to the value of a corresponding to 
that of the pure specimen, but to a significantly 
higher value. From this observation, it could be 
inferred that the pure oxide is itself defective and 
contains a certain amount of excess oxygen to- 
gether with an equivalent amount of Ni** ions. 


Extrapolation to zero impurity concentration 
would in fact give the lattice parameter of ideal 
pure NiO cation 


additions of Lil 


stoichiometric oxide. Since in 


vacancies are present, initial 


tend to increase the lattice parameter due to 
removal of vacancies and of the corresponding 
Ni®+ ions. Only after all initial vacancies are 
removed would the lattice contract according to 
the scheme reported above. The X-ray study 
would therefore indicate a definite process accom- 
panying the incorporation of foreign atoms, giving 
useful indications on the behaviour of the solid 
in terms of its ability to manifest a defective 
structure. 

We thought it desirable to extend the obser- 
vations to other systems, and CdO was chosen for 
reasons which will appear later. Cadmium oxide 
is cubic (NaCl structure) and contains an excess 
of cadmium. The 
believed to be in interstitial positions, since an 


excess cadmium atoms are 
increase of cadmium excess leads to an expansion 
of the lattice parameter, as found by Fatvre®). 
EXPERIMENTAL 

Samples. Cadmium hydroxide was precipitated 
from the nitrate with ammonia, and thoroughly 
washed. After drying at 110°C, the hydroxide was 
heated at 300°C in air for 3 hr. The oxide obtained, 
(hereafter called CdO-300), was reddish brown. 
“Pure oxide samples” for X-ray analysis were 
obtained by heating CdO-300 in air at 
750°, 900° or 1000°C, for 3hr in a platinum 
crucible and quenching in air. Some measurements 
of lattice parameter were CdO 
prepared in different ways, as discussed below. 


590. 


also carried on 


Specimens of CdO containing additions were pre- 
pared by soaking the oxide CdO-300 in 1-5 to 2 


volumes of a titrated solution of the nitrate of the 


foreign atom. The soaked mass was subsequently 
dried at 110°C for 1 hr, mixed, heated to 500°C 
for 5hr, carefully mixed, and finally heated at 
900°C for 3hr. The In? -doped samples were 
found to be bluish-brown, while the Ag+! doped 


ones remained still reddish brown. In the case of 
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Na additions, pelleting was necessary to prevent 
evaporation of the alkali oxide, and the Na con- 
tent of the final specimen was always checked by 
means of flame spectrometry analysis against Cd- 
containing standard solutions. In the case of In 
additions, a few checks made with the flame 
spectrometer indicated that the In present after 
heat treatment was equal to the theoretical one 
within experimental errors. Therefore, for both 
Ga and In, the theoretical amount has always 
been assumed. 

X-ray analysis.) All samples were studied by 
means of a back-reflection symmetrical focusing 
camera (Charles Supper), 12 cm diameter, using 
CuKz radiation. Strictly standardized procedures 
were adopted and two independent films were 
taken for each sample. Diffraction 
accuracy of 0-005 cm 
Norelco measuring device. Three to five inde- 


lines 
with a 


were 


measured to an 


pendent readings were made on each film. Because 
of the positioning marks provided in the camera, 
checks of shrinkage effects could also be made, 
but shrinkage was found to be linear. No thermo- 
stating was made for the majority of cases, but 
care was taken to check the temperature contin- 
uously during each exposure. Temperature fluctu- 
ations were less than +0-4°C, corresponding to 
anerror of +0-25x 10-4A. All lattice parameters 
were reduced to 21°C by means of the experi- 
mentally determined thermal expansion. It should 
be mentioned that the majority of exposures were 
taken within +3°C aC. 
were made on six higher angle lines, the resolved 
doublets for (600), (531) and (440) reflexions, 
respect- 


from Measurements 


occurring in the vicinity of 80°, 76°, 68 
ively. The data were analyzed in terms of a 

where 
method 


9 tan 9, 


this 


graphical extrapolation against 
9 = 7/2—©. Differences between 
and the analytical one were negligible. A standard 
error of the order of 0-2 10-4A was found in 
analytical extrapolation. Several reproducibility 
tests were made on some samples. From these, 
and from calculated standard deviations, a prob- 
able error +0-5x10-4A could be inferred. In 
assessing the error for individual specimens with 
regard to the variation of lattice parameter with 
foreign atom concentration, other factors come in, 
such as inhomogeneity of the sample, and errors 
in reproducing the same concentration. The total 


+1x10-4A. No 


error in a is of the order of 
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refraction correction has been made. All values 
are in Angstroms, having assumed the following 
values for wavelengths: A,1 = 1:54051 A, Ay,» 
= 1:54433 A. 


Experimental results 
Values of the lattice parameter a at different 
temperatures in the vicinity of room temperature 


are plotted in Fig. 1. From the plot a thermal 





+ 








10° 20° 30° T °C —=-40° 
Lattice parameter a of cadmium oxide as <¢ 


function of the temperature. 


Fic. 1. 


expansion coefficient of 1-35 x 10-9/°C was deter- 
mined. This value has been used to refer all data 
to 21°C. A few checks were made on CdO samples 
which had been first prepared in oxidation con- 
ditions different from the usual hydroxide de- 
composition in air, namely, Cd metal oxidation, 
CdO partially reduced with Cd vapor im vacuo 
and CdO from nitrate decomposition. All were 
subsequently given the usual high temperature 
treatment in air. Their lattice parameter, within 
the experimental error, did not differ from the 
value for CdO obtained from hydroxide. Heating 
CdO-300 at different temperatures (555°, 750°, 
1000°C) did not affect the value of a. 

Table 1 lists the values of a of In*?-doped 
samples, all data being reduced to 21°C. These 
data have been plotted in Fig. 2 as a function of 
the cube root of the concentration of In atoms. It 
can be seen that a good straight line is obtained. 
It should be noted, however, that the line does 
not extrapolate for zero In concentration to the 
value experimentally found for CdO. The inter- 
section of the straight line traced by means of the 
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Table 1. Lattice parameters of CdO 


samples containing In 


In (atoms per cent) 


+4 
oC 
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2 OO 
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method of least squares is 4-69426 A. The prob- 
able error on the extrapolated values is 0-00005 A, 
so that the difference from the value of a found for 
pure CdO is significant, amounting to 0-000633A. 


Table 2. Lattice parameters of CdO 
samples containing Ag 


Ag (atoms per cent) 


O- 
0- 
0- 
0: 
0: 


WMNN— | 


wwhnd 
SOoOMNC 


Table 2 reports the data obtained for Ag- 
containing CdO. The data have been reported in 
Fig. 2 according to the same plot. Once again, the 
best straight line does not extrapolate to the 
value of pure CdO. The difference, however, is 
less marked. The two extrapolated values, the one 
determined by In additions, and that determined 
by Ag addition, do not appear to coincide. In both 
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cases, each point in the graph represents the 


average of two films on independently prepared 


samples. 

Some samples containing gallium additions 
have also been examined. After an initial decrease 
of the lattice parameter, up to a concentration of 
0-3 per cent Ga atoms, it was found that for higher 


Ga concentrations the lattice parameter did not 


Lattice parameter a of cadmium oxide containing 
) or silver ( ». Te 21°C 


Fic. 2 
N atoms per cent of indium ( 


the 
ions (r 


show any significant variation. In view of 
dimensional difference between Ga 

0-62 A) and Cd*? ions (7 1-03 A) the result 
might point to limited solubility of gallium oxide 
in CdO, with consequent segregation of gallium 


additions. 


DISCUSSION 
The incorporation of InoOxg or of AgoO in CdO 
should be the 
possible schemes which can be traced when an 


described according to one of 


ion of different charge to that of the host ions is 
incorporated into an ionic matrix. For a general 
discussion of the problem reference can be made 
to the article by KrOGER and VINK“). It is only 
necessary at this point to recall that either atomic 
defects 


defects such as valency change of In** or of Cd*?, 


such as cation vacancies or electronic 
are introduced by the addition. We shall briefly 
discuss the possibility of vacancy formation later 


on. 
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Addition of indium. Fig. 2 shows that after an 
initial decrease the lattice parameter increases 
upon addition of indium. This cannot be caused 
by a simple ionic size effect since In** is slightly 
smaller than Cd*? (r = 0-92 vs. 1:03 A in Gold- 
schmidt’s scale, or 0-81 vs. 0-97 Ain Pauling’s scale). 
We can interpret the above results by means of 
the following scheme. At the beginning, in the 
starting material (“‘pure’’ CdO), there is an excess 
of Cd atoms in interstitial position. The hypo- 
thesis of oxygen vacancies will be discussed later. 
It is likely that the interstitial Cd atoms are ionized 
to Cd*! or Cd*?, but, regardless of the specific 
degree of ionization, their presence will lead to an 
expansion of the lattice parameter. In the left 
hand side of Fig. 3(a), interstitial atoms are repre- 
sented as Cd?* ions. The corresponding electrons, 
which are responsible for conduction, (see below), 
are represented as belonging to lattice ions, but 
they are not to be thought as permanently trapped. 
These quasi-free electrons, in our simple scheme, 
could also be represented as Cd!* ions. As noted 
in the introduction, the two representations are 
essentially equivalent for our purpose. The first 
additions of InoOg must introduce either a varia- 
tion of atomic disorder or a variation of electronic 
disorder. The last case is equivalent in our simple 
ionic model to ionic charge changes (“controlled 
valency”). However, this possibility should be 
ruled out, because controlled valency, when an ion 
of higher charge is introduced, would require the 
decrease of charge of some ions, thereby leading to 
an increase of the lattice parameter. As this con- 
tradicts the observed decrease of a for low con- 
centrations of In, we must consider only the 
introduction of atomic disorder. The first additions 
of IngO3 would tend to introduce an equivalent 
concentration of cation vacancies. ‘These, however, 
cannot be stable in the presence of a relatively 
high concentration of interstitials, since thermo- 
dynamic equilibrium between interstitials and 
vacancies must be obeyed, and as a first approxi- 
mation we can assume that the same equilibrium 
will hold as in pure CdO. The cation vacancies will 
therefore be occupied by interstitial atoms, (Fig. 
3a) and this process will lead to a relaxation 
around formerly occupied interstitial sites, and 
consequently to a decrease of the lattice para- 
meter. When practically all interstitials have dis- 
appeared, IngQgs will be incorporated in a different 
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Fic. 3. Incorporation of IngOx3 (a) 


DEFECT 
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first addition, elimination of interstitial 


cadmium (lattice parameter decreases); (b) controlled valency process (lattice 


parameter increases). 


way, namely according to a controlled valency 
process. For each addition of indium, an equiva- 
lent amount of Cd*? ions will change from +2 to 
+1 (Fig. 3b), and as a consequence the lattice 
parameter will expand because of the larger 
effective radius of ions with smaller charge. We 
should like to point out that the present description 
is schematic and that for instance the problem 
could equally well be considered in terms of the 
passage of In ions from a charge +3 to +2. It 
must also be noted that we have adopted a strictly 
ionic model with localized charges, while covalent 
character is certainly present to a certain extent in 
these oxides. However, inclusion of these factors 
would modify only details of our arguments and 
not change our general conclusions. 

The value of a extrapolated for [In] = 0 would 
then correspond to that of an oxide free from 
defects (interstitials, Cd ions with valency different 
from +2 and In ions). 

As the difference between the observed value of 
the lattice parameter of undoped CdO and the 
extrapolated one is, in the present hypothesis, due 
to Cd excess, one can give an estimate of Cd excess 
present in CdO by a comparison with expansion 
effects induced by Cd additions. Using Fatvre’s 
data) our observed Aa of 6:3 x 10-4 A is found to 


correspond approximately to an excess of 0-04 per 
cent Cd. 

The present case seems very similar to that out- 
lined by BROWNLEE and MircHe_i™) who studied 
additions of LigO to NiO, except that in NiO there 
is a lack of metal, rather than excess. In our case 
as well, the inversion point in the lattice parameter 
vs. concentration curve should effectively corre- 
spond to the disappearance of all interstitials, that 
is to say, to a “titration” of Cd excess. Due to the 
correspondence of 2 In atoms for each Cd atom in 
interstitial position, if one could determine the in- 
version point with precision, this would afford a 
fairly precise means of titration of Cd excess in a 
way independent from chemical means. The 
accurate determination of the descending branch 
of the curve is however experimentally impossible, 
so that one can only fix an upper limit, this being 
the lowest concentration used, which appears to 
be on the straight line. It is also possible to try to 
calculate and to draw the descending branch of the 
curve, on the assumption that the contraction is 
caused by the disappearance of Cd excess, plus the 
substitution of Cd*+? ions with the smaller In*? 
ions. The first effect can be evaluated by means of 
FAIVRE’s results, while the second effect (which 
is only a small fraction of the total) can be 
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estimated by the type of calculation outlined by one 
of us. The calculation is very rough, and one can 
only say that the intersection should lie in the 
vicinity of 0-02 per cent In, which is equivalent to 
4x 10915 This 


accurate to within a factor of 


0-01 per cent Cd, or atoms/cm?. 


figure is probably 
two in giving the metal excess in our CdO. FAIvrRe’s 
estimate by chemical titration (0-05 + 0-02 per cent 
is higher, but it refers to an oxide prepared in con- 
ditions different from the present ones (lower de- 
composition temperature), and moreover, the dis- 
crepancy is not too large in view of the errors in- 
volved. 

It is interesting to recall that electric measure- 
ments gave, on different samples, a concentration 
1091919) 


electrons/cm?. If one assumes that the excess Cd 


of free electrons around 3 x 1018) or 1-6» 


atoms are doubly ionized, and are the source of 


free electrons at room temperature, one would 


concentration of free carriers of the 


1018, if 0-01 per cent Cd excess is 


get a 
order of 3» 
assumed. 

It is 
schemes for the incorporation of In additions could 


desirable to examine whether alternate 
in fact be justified by the same observations. We 
consider the ascending part of the curve of Fig. iM 
since we have already shown that the descending 
one could not be observed with the hypothesis of 
electronic disorder. If in the ascending line, incor- 
poration of IngO3 does not cause a variation of 
charge, then it must introduce atomic disorder, 
namely cation vacancies. The effect of a vacancy 
on the lattice parameter in these oxides has not 
been the object of either theoretical or experimental 
investigations. In view of the substantial decrease 
of ionic character in CdO, as compared to alkali 
halides, it is questionable whether the theoretically 
predictable expansion around a vacancy in an 
ionic crystal™® would be at all appreciable in the 
case of CdO. Furthermore, the expansion effect 
would be lessened by the contraction which 
would take place because of the introduction of 
cations with higher charge, in a way similar to that 
discussed by Bassani and Fumi, In any event, 
the possibility of creation of vacancies cannot be 
ruled out, at least so far. Thus, going back to the 
hypothesis of cadmium atoms in_ interstitial 
position, one could for instance argue that a 
results from an unbalanced 


cadmium excess 


presence of both cation and anion vacancies, and 
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that addition of indium would shift the balance 
towards a higher concentration of cation vacancies, 
which would be more effective in the outward dis- 
placement of neighbouring atoms. This hypothesis, 
however, faces the difficulty of explaining the in- 
version point found with In addition. 

Addition of silver. A way of overcoming the 
difficulties found in assessing a unique meaning to 
the experimental behaviour of a with In additions 
Both 


sodium and silver are favourable from the point of 


is provided by adding univalent atoms. 
size; some difficulties, however, were found in the 
investigation of systems with Na additions. Even 
though the results are less reproducible, they are 
in very good qualitative agreement with those 
obtained with silver. They will be briefly discussed 
later. Fig. 2 reports the data obtained with Ag 
additions. It should be pointed out that in both 
Goldschmidt’s and Pauling’s scale of ionic radii 
Ag*t! is appreciably larger than Cd*? (raght = 


1-13 or 1-26 A respectively). It is therefore signifi- 


cant that in spite of the difference in radii the 
introduction of Ag leads to a decrease of the lattice 
parameter. Unless a controlled valency mechanism 
is invoked it is difficult to justify such a behaviour. 
In fact, if one had attributed the observed ex- 
pansions caused by In additions to vacancy for- 
mation, ruling out variations of valency, then in 
order to be consistent* in the case of Ag additions 
it would be necessary to assume atomic disorder, 
such as either the introduction of atoms in inter- 
stitial positions which of course would expand the 
lattice, or the introduction of anion vacancies, 
which should again be thought of as a process 
which expands the lattice. In addition, the larger 
size of Ag*! would increase the expansion effect 
and furthermore, the electrostatic perturbation 
introduced by a cation with a lower charge would 
once more be in the direction of a lattice expansion. 
In all cases therefore an expansion is expected, 
contrary to the experimental observation. 

We think that the results obtained with Ag are 
of particular importance, and give support to the 
formulated mechanism of incorporation. It is of 
course immaterial in the present formulation to 
think of a change of valency of Agt! to Agt? rather 


* It might be argued that the incorporation of Age2O is 
from that of IngO3. While this 
possibility cannot be ruled out, it appears rather unlikely 


essentially different 


to us. 





LATTICE PARAMETER AND DEFECT 
than of a change of valency of cadmium ion.* The 
effect would always be that of a shrinkage due to 
the formulation of ions with smaller effective 
radius. In fact, the same comments apply as those 
already mentioned in the case of In. Some re- 
marks should be added in considering the value 
extrapolated by the straight line traced in Fig. 2 
for Ag additions. It has been mentioned that this 
extrapolated value a%4¢g, even though not coinci- 
dent with the value pertinent to pure CdO, is also 
different from the value extrapolated for zero In 
concentration @%y,. It should be noted, in this 
regard, that AgeO could not tend to eliminate 
interstitial cations, having itself a cation excess. 
Thus, the “‘titration’”’ process of interstitial atoms 


does not take place, and an unknown? amount of 


interstitial atoms can be left. The extrapolated 
value would therefore lose a direct meaning. In 
view of this uncertainty, and of the ambiguity 
arising from the value of a°4g, which is not far, 
even though significantly different, from either 
a°;, or a, we prefer not to dwell on this point any 
further, but rather to emphasize once more the 
qualitative trend shown by this system. 

Sodium additions conform with the above view: 
when pelleting is adopted to prevent evaporation 
of Na a shrinkage of the lattice parameter is 
observed, but longer heating times are required, 
which would be justified by the fact that incorpora- 
tion is accompanied by an oxidation process, which 
occurs more easily in unpelletted powder. It is 
important at this point to recall that incorporation 
of additions depends on the partial pressure of 
oxygen in the manner discussed by KROGER and 
Vink"), so that only as a first approximation is it 


possible to consider an incorporation scheme valid 
for all additions of the same valency, with favourable 


sizes. 

As a last point, we would like to recall that the 
variations of lattice parameters observed are in 
agreement with a scheme of controlled valency 

* Changes of valency of O?~ to O~, which would also 
They 


no 


contract the lattice, are not being considered. 
would correspond to quasi-free holes, and there is 
evidence of their presence. 

+ The amount present could in fact be larger than in 
pure CdO, because of cation excess, which can shift the 
equilibrium in this direction, or it could also be smaller, 
if oxidation of Ag-containing CdO could occur more 
easily, if equilibrium constants regulating the defect 


concentration in CdO are affected in this way. 
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mechanism, as one of us has shown,‘?) if volume 
variations are calculated with the help of elastic 
theory, and with the simple assumption of consider- 
ing ions as rigid spheres having fixed radii. In the 
calculation, ions were given Goldschmidt’s ionic 
radii. It would be easy to show that other con- 
sistent sets of radii, such as Pauling’s scale, would 
lead to similar results. In our opinion, even though 
it is significant that the right order of magnitude 
is predicted, it would not be meaningful to give too 
much weight to a distinction between different 
sets of ionic radii, given the severe assumptions of 
that calculation and the uncertainty in the radii of 
ions with anomalous valency. As already pointed 
out, the observed agreement does not imply that a 
strictly ionic model must necessarily hold, but 
simply that ionic radii are a consistent set by 
which to compute volume variations, in the direc- 
tion predicted by controlled valency mechanisms. 
This can be of help in assessing conditions of 
limited solubility, such as in the quoted case of Ga 
additions, where large variations of the order of 
— 13x 10-4 A, could be expected. 

It should be noted that only if randomly dis- 
persed atomic point imperfections are present can 
we expect the above considerations to hold. Any 
clustering or precipitation, as for instance along 
dislocation lines or near the surface of grains, 
would make it impossible to apply such calculations, 
It is therefore significant that it has been men- 
tioned“) that diffuse 
seem to exclude clustering of added atoms in the 
system NiO+ LigO, a system for which electrical 
lattice variations 


scattering measurements 


measurements and parameter 


point to controlled valency processes. 
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Abstract 


The decay features of positrons in anthracene have been experimentally investigated 
b I 


using both single- and poly-crystals at temperatures ranging between —196°C and 295°C. In solid 


specimens annihilation lifetime was equal to 3-7 x 10 


10 sec independently of the measuring tempera- 


ture. A very notable effect was however found near the melting point (218°C) a complex decay 
appearing at about 210°C. Neutron irradiated specimens showed a complex decay even at room 


temperature. 


1. INTRODUCTION 
THE features of positron annihilation through a 
short lifetime (71~ 10-1 sec) do not appear to be 
influenced by temperature in any kind of solid 
materials; on the other hand it has been pointed 
out by many authors-%) that the long lifetime 
(72~10~9 sec) can change both in value and in 
intensity depending on temperature and state of 
aggregation of the investigated material. Roughly 
speaking, temperature effects on positron annihila- 
tion have been described only for non-crystalline 
solids; few exceptions have been reported to date, 
namely the existence of a rather weak 72 com- 


ponent in solid napthalene) and the existence of 


both a tz component and a temperature effect in 
ice.) Undoubtedly considerations involving 
order—disorder transitions must be of primary 
importance in explaining such effects. 

Available experimental data are very scanty and 
it seemed convenient to carry out an experimental 
investigation in the case of another molecular solid, 
anthracene, using single crystals, molten material, 
microcrystals of different sizes and_ radiation 
damaged monocrystalline specimens. 


Anthracene was chosen due to its being available 


* A partial preliminary report about the present re- 
search has been published as a letter in Nuovo Cim. 14, 
454 (1959). 

+ Laboratori C.I.S.E., Milano, and Istituto di Fisica 
del Politecnico, Milano. 
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in the shape of big single crystals and owing to its 
comparatively high melting and boiling points. 
This fact allowed an accurate search for possible 
temperature effects both in solid and in liquid 
states; detailet] measurements near melting point 


have been also carried out. 


2. MEASURING TECHNIQUES 
The positron source was carrier free 2?NaCl. 
The single 
crystals, 10mm diameter and 5 mm thickness, 
and the active 22NaCl was deposited directly onto 


specimens were two cylindrical 


them, so that the source was sandwiched between 
the crystals. 

Freezing baths were used for low temperature 
measurements; in the intervals 20 C-210°C and 
290-295 'C a small furnace kept the temperature 
constant at + 1°C. 

For the investigation of temperature effects 
near melting point (218°C) a much more accurate 
control of temperature was required. This was 
accomplished by immersing the specimens into a 
boiling naphthalene bath (boiling point 217°C at 
standard conditions) and carefully controlling the 
pressure above it. By changing the pressure, the 
bath temperature was varied between 211°C and 
226°C. With this method measurements could be 
prolonged even up to six hours, the temperature 
being kept constant at +0-1°C. 

All during the measurements at the above room 
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temperature anthracene was kept in a purified 
argon atmosphere. 

The delay spectra of annihilation y-rays with 
to 1:28 22Na were 


analysed by means of a vernier time sorter, ) 


respect meV y-rays from 
working in connection with two slow channels for 
energy discrimination. The y-ray detectors were 
two optically 
coupled with RCA 6342 photomultipliers. 

The 


the full width at half-height of a prompt coinci- 


plastic scintillators (Pamelon), 


resolving time of the apparatus, defined as 


dence curve, was estimated to be 6:5 x 107! sec. 
Prompt coincidence curves obtained with a ®°Co 
source in the same geometry and with the same 
pulse energy discrimination were used for the 


measurements of positron decay. 


3. EXPERIMENTAL RESULTS 
(a) Influence of melting 
The experimental results concerning positron 
lifetime in antracene as a function of temperature 


are shown in Fig. 1. It is noticed that in the range 


ry tg — 


Fic. 1. Positron lifetimes as functions of temperature. 


196°C and 


+210 C the decay of positrons takes place only 


of temperature between about 
through the short lifetime 7, its value being fairly 
0-2)x 10-19 sec. A 


few degrees below melting point a complex decay 


constant and equal to (3-74 


appears; 7) remains constant and equal to 


3°7 x 19-10 
than melting point; 721s already equal to 9-9 x 10-10 
ns 4, 


temperature range of about 10°C and does not 


sec even at temperature much higher 


sec at increases to 2:25x10-9sec in a 


GATTI 


and E. GERMAGNOLI 

change at higher temperatures. Two typical delay 
curves are shown in Figs. 2 and 3. Fig. 2 shows also 
which allows a 
measurement of the over-all resolution time of the 


a prompt coincidence curve, 
apparatus. The described behaviour of anthracene 
is similar to that reported for naphthalene®) at 
high temperature, but differs in the fact that no 
long-lived component is noticeable below the 
melting point. 
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of measuring apparatus and typical delay curve of 





positrons in antracene at room temperature. 


1 channel = 1:15 x 10-1!° sec 


The 


effect near the melting point: while the percentage 


lifetime z2 shows a sharp temperature 


of positrons decaying through a long lifetime 72 
increases from zero to about 35-40 per cent be- 
tween 210°C and 215°C 
higher temperature, the lifetime monotonically 


and does not change at 
increases until 225°C. 


(b) Influence of structure 


A new set of measurements was carried out by 
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letting the temperature of the anthracene speci- 
mens decrease from +295°C to —196°C and 
analysing the decay features of positrons at some 
temperatures: the obtained results were equal to 
the one described in the preceding section. In 
order to investigate the possible influence of order 
on the behaviour of positrons in anthracene some 





Intensity 








Fic. 3. Delay curve of positrons at 260°C. 


measurements were performed at room tempera- 
ture with specimens of different grain size, the 
smallest diameter of grains being about 3, after the 
anthracene powder had been ground for four days 
and reduced to a fairly uniform grain size. The 
decay curves obtained in this case did not show any 
difference when compared to those which had been 
obtained with single crystals. 

Further measurements were carried out with 
single crystals which had been disordered by being 
irradiated with ®°Co y-rays and with fast neutrons. 
After irradiation with an integrated flux of about 
4x 1018 neutrons cm~? the single crystals turned 
out to be heavily coloured and the decay curves 


at room temperature were different from those 
typical of non-irradiated crystals, the difference 
being not very marked but significantly beyond 
the experimental uncertainties. Actually the delay 
curves could be resolved into two distinct mean 
lives: 7; = 3-8 x 10-19 sec and 72 ~ 6 x 10719 sec, 
the percentage of positrons decaying through the 
“long”’ lifetime being about 30 per cent. 


4. DISCUSSION 

Two conclusions can be deduced from the re- 
sults concerning the behaviour of positrons in non- 
irradiated anthracene specimens: the absence of a 
long lifetime in the solid, and the close similarity 
in the decay features of single crystals and thin- 
grained powder. Concerning the former fact, 
anthracene differs from napthalene, and this is 
difficult to explain on the basis of the known 
properties of the two materials; purely qualitative 
arguments do not appear sufficient to this end. 

Non-formation of positronium in solid anthra- 
cene is likely according to the present results: 
furthermore, the probability of positronium for- 
mation increases very sharply in a rather narrow 
temperature interval at melting point. 

The structure of excited bands in the anthracene 


molecule appears to be so modified on melting 
that the conditions for the formation of posi- 
tronium are fulfilled. Alternatively, the formation 
of positronium in solid anthracene is conceivable 
provided that a quick triplet-singlet conversion 
is postulated,“) but this seems unlikely since the 


72 component becomes highly probable within a 
temperature interval which is certainly less than 
5°C. This fact, together with the lack of any 
temperature effect in the fast component both in 
the solid and in the liquid state, makes it difficult 
for an effective mechanism of quick triplet—singlet 
conversion to be postulated. 

Evidence has been obtained that formation of 
positronium is possible in neutron-damaged 
specimens; though it is reasonably expected that 
disorder induced by radiation is effective in 
drastically modifying the band structure of anthra- 
cene, a detailed interpretation of the effect is not 
easy due to the lack of reliable information about 
the nature of the disorder which is introduced by 
radiation damage. A few experimental attempts 
have been made for the purpose of evaluating the 
percentage of broken molecular bonds and of 
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investigating the chemical effects due to the fast 
neutron bombardment: a comparison between the 
ultra-violet absorption spectra of irradiated and 
non-irradiated anthracene gave evidence that a 
non-negligible percentage of molecular bonds had 
been broken, but a quantitative conclusion appeared 
to be unreliable. Both thermally induced disorder 
and radiation damage, though well distinguished 
in anthracene, are shown by the present work to 
be effective in introducing a mechanism of slow 


decay of positrons. Further experiments are 


planned in order to obtain a more thorough under- 
standing of both anthra- 
cene and its influence on the decay ot positronium. 


radiation damage in 


At present, it is thought that the above described 


results can provide a valuable additional piece of 
experimental evidence concerning the interpreta- 
tion of the behaviour of positronium in solids. 
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Abstract—ZnS-In phosphors, which are efficient upon excitation with A = 3650 A, were prepared 
by firing in HeS at 1200°C and quick cooling to room temperature. The emission spectrum depends 
on the In concentration and consists of three bands at 6200 A, 5350 A and 4700 A. X-ray analysis 
shows that the maximum amount of In incorporated is about 10-° gram-atoms In per mole ZnS. 
Refiring the phosphors at 600°C kills the luminescence at room temperature, an effect shown to be 
due to association. The trivalent In is compensated in the lattice by . On the basis of the experi- 
mental evidence the 6200,A band is ascribed to Inz,, the 5350 A band to the associate Inz,Vz, 
and the 4700 A band to Vz,,).* 

The low-temperature phosphorescence of the ZnS—In phosphors is strongly stimulated by irradi- 


ation into bands at 1-8 and < 1:2y. 


1. INTRODUCTION 

IN THEIR work on the effect of trivalent substi- 
tuents on the luminescence of Cu- and Ag- 
activated ZnS KrOGER and DikuorFr) found that 
several of the trivalent substituents introduced 
new emission bands. In the case of hexagonal 
ZnS—Ag,In they found a broad extra emission band 
with a peak at 6500 A. In hexagonal ZnS—Cu,In 
the peak of the extra emission was at 6800 A. 
From the fact that these bands, in contrast to the 
blue and green Ag- and Cu-emission, do not move 
on incorporation of Cd, KROGER and DIKHOFF 
concluded that the long-wave emissions could be 
ascribed to a characteristic transition in the In® 
ion. 

KLasens®) found the emission peak of In in 
ZnS—Ag,In at 6100 A at —183°C and attributed 
it to the recombination of an electron in the In 
trap with a hole in the valence band. Because, 
as HOOGENSTRAATEN®) has shown, the distance be- 
tween the trap level and the filled band does not 


change much on introduction of Cd, the non- 
KLASENS 


characteristic transition proposed by 
also accounts for the fact that the In emission is 
little affected by Cd substitution. 


* For an explanation of the symbols used see Section 


FROELICH™), working with ZnS—Cu,In at rela- 
tively high In concentrations, found a weak long- 
wave emission with a peak at about 6700 A at 
room temperature. ‘The emission became brighter 
and shifted towards shorter wavelengths when the 
phosphor was cooled to — 190°C. 

Recently AppLe®) investigated the system 
ZnS—x (Cu,Ag,Au), vy (Ga,In) with y (added) > x. 
In hexagonal ZnS he found a Cu,In band peaking 
at 6400 A, an Ag,In band at 6140 A and an Au,In 
7200 A. ‘The 
emissions resembled which 
ZnS-Cu and ZnS—Ag without added coactivator 
and at relatively high Cu and Ag concentrations. 
In a later article APPLE and WILLIAMS), assuming 


band at characteristics of these 


those appear in 


a strong association of activator and coactivator, 
ascribed the long-wave emissions found with In 
and Ga to a radiative transition from the ground 
state of the electron-trap to the ground state of 
the activator. In Section 10 the work of APPLE and 
of APPLE and WILLIAMs will be discussed in more 
detail and in relation to the results obtained in this 
work. 

The experiments described in this paper were 
carried out to get more information about the In 
emissions in ZnS by studying phosphors activated 
with In, without other added impurities. As will 
appear from the following sections ZnS phosphors 
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activated with rather high concentrations of In 


may show a strong luminescence when cooled 


down quickly from the firing temperature to below 


400°C. 


2. EXPERIMENTAL PROCEDURE 

The samples were made from luminescent 
grade ZnS (Cl-free, precipitated from ZnSOy). 

The concentration of In added ranged from 0:2 

10-2 to 2-0 x 10-2 gram-atoms In per mole ZnS. 

The In was added to the samples either by adding 

an In-solution for preparations with low In con- 


centration or by adding the ternary compound 


used in firing the ZnS-In 


Fic. 1. Quartz apparatus 


phosphors. 


ZnIneS4 for preparations with high In concen- 
tration. It was checked that both ways of adding 
the In gave the same results. The powders were 
fired for 30 min at 1200°C in Oo-free HeS in quartz 
tubes placed in quartz vessels, as shown in Fig. 1. 
At 1200°C the IngSs is volatile as appeared from 
the deposition of IngS3 on the cooler parts of the 
quartz vessel. In order to minimize the evaporation 
of IngS3 the quartz tubes were closed with quartz 
caps during the firing (Fig. 1). It was established 
by chemical analysis that after firing, with about 
10-2 gram-atoms In per mole ZnS added, roughly 
of the added In 
samples. The In concentration found by chemical 


50 per cent remained in the 
analysis gives, however, no clue about the amount 
of In really incorporated into the ZnS lattice. The 
amount of incorporated In was calculated from the 
change of the lattice constants of ZnS as is dis- 
cussed in Section 3. After firing, the samples were 
quickly cooled to room temperature by taking the 


quartz vessel from the furnace and dipping it into 
water. The powders showed a bright luminescence 
with 3650 A excitation in a colour ranging from 
bluish-green at low In concentrations to orange- 
yellow at high In concentrations. The light out- 
put of preparations with medium In concentrations 
was about 80 per cent of the output of commercial 
(Zn,Cd)S-Ag phosphors of comparable spectral 
distribution. The light output drops both at high 
and at low In concentrations. The light output at 
room temperature with 0-4, 0-6, 1-2 and 4-0 x 10-2 
In (added) is 40, 80, 100 and 45, respectively 
(output at 1-2x10-" In put equal to 100). The 
phosphors showed only a weak emission on excita- 
tion with cathode rays. 

The rapid cooling of the powders after firing 
proved to be an essential part of the procedure. If 
the powders were allowed to cool slowly almost no 
luminescence was observed at room temperature. 
This phenomenon which strongly points to associa- 
tion effects is discussed in some detail in Section 8. 

Firing in sulphur vapour and firing in nitrogen 
gave substantially the same results. Apparently 
the phosphors are not very sensitive to changes in 


sulphur pressure. 


3. THE AMOUNT OF In INCORPORATED INTO 
THE ZnS. 

High-angle X-ray powder diffraction patterns 
showed that the introduction of In produced a 
definite increase of the lattice spacings of ZnS. 
The results for different In concentrations (added 
before firing) are shown in Table 1. The c and a 
values of ‘Table 1 were obtained by averaging 
values calculated from twelve different reflections. 
The concentrations of incorporated In as calculated 
from the increase in lattice spacings of the ZnS 
the last column of Table 1. In 
this calculation only the effect of substituting 
the bigger In atom for the smaller Zn atom was 
taken into account. The influence of the vacancies 


are shown in 


compensating the charge of the In** was neglected. 
Comparison with solid solutions of GagS3 in ZnS, 
which can be prepared at low temperature, with 
a wide range of Ga concentrations” (so that the 
concentration of incorporated Ga is known from 
the preparation) shows that this approximation 1s 
not too bad. The Zn-S distance in hexagonal ZnS 
is 2-35 A. The In-S distance was taken to be 
& 


>. 
3 A, this being the In—S distance for In in the 
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Table 1. 


In conc. added, 
(gram-atom/mole) 


10-2 
10-2 
- 10-2 


‘2641 + 0-0004 
-2624 + 0-0004 
0-0004 


*2609 + 
-2606 + 0:0004 











OF 


3°8249 + 
38238 + 
‘8229 4 


3°8223 + 
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Lattice constants of ZnS-In phosphors 


In conc. incorporated 
(gram-atom/mole) 


0-1 10-2 
0-1 10 
0-1 10-2 


10-2 
10-2 
10-2 + 


Zero 


0-0003 
0-0003 
0-0003 
0-0003 











ol 


28 





20 MOH 


32 33 36 


Nadded =2'4x10 


INing & O-1x10~2 





35 36 





4000 3800 


4400 


Fia.. 2, 


4200 


Excitation spectra of the ZnS—In phosphors 


3600 3400 


with 


different In concentrations. 


tetrahedral arrangement in IngS3 as taken from the 


work of HAHN and KLINGER'®). 


4. EXCITATION AND EMISSION SPECTRA 

The ZnS-In phosphors, especially those with 
high In concentrations, show a yellow body colour. 
The excitation spectra of the luminescence for 
different In concentrations are given in Fig. 2, 
the curves showing a maximum at about 4000 A 


for low and medium In concentrations. At high 
In concentration the region of strong excitation 
extends still further into the visible. 

The emission spectra for various In concen- 
trations at room temperature and at —190°C with 
A= 


>] 


3(b). ‘The emission bands are broad and of a com- 


3650 A excitation are shown in Figs. 3(a) and 


posite nature. The maximum of the emission 
moves to shorter wavelengths with decreasing In 





H. KOELMANS 


concentrations and with decreasing temperature. 


3y analysing the emission curves it appeared 


possible to plot the over-all emission curves, both 


at room temperature and at 190°C for different 


In concentrations, as the sum of three normally 


shaped sub-bands. As is usual in ZnS phosphors 
the emission (sub-) bands do not move significantly 
with temperature. The apparent shift of the over- 
all emission curves with the In concentration and 


with temperature is entirely accounted for by 
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" added =0:4 x10 . 
Nine S 01x 10~¢ 


Fic. 3(b) 


Fic. 3. Emission spectra with 3650 A excitation of the ZnS—In phosphors 
with different In concentration. (a) At room temperature. (b) At —190°C. 
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relative changes in the intensity of the sub-bands. 
The maxima 6200 A 


(orange), 5350 A (green) and 4700 A (blue), re- 


of the sub-bands are at 


spectively. The room-temperature emission at the 
highest In concentration is almost purely the 


orange band, whereas the 190°C emission curve 
ior the lowest 


yf the blue sub-band. Even though the pro- 


In concentration essentially con- 
Sists ( 

ee ee er iat winaliaatilli 
posed ¢ 1V1s1i0Nn into suD-Dands accounts 1n a simple 


and consistent way for the observed emission 


spectra, such a division might seem somewhat 
arbitrary if we could not present arguments to 


analysis given. ‘The low-temperature 


support the 
phosphorescence and the glow of the phoshors is 


of a different colour than the luminescence. This 
phenomenon is very striking in the sample with 
the lowest In concentration. The low-temperature 
luminescence is definitely blue whereas the low- 
temperature phosphorescence and the glow are 
in the orange band. The low-temperature phos- 
phorescence can be strongly stimulated with infra 
red (cf. Section 5); the emission is then again in 
the orange band. 

Furthermore the orange band at 6200 A closely 
corresponds to the orange emission in ZnS—Ag, 
In®) 
found in ZnS—Ga phosphors. 

A discussion of the emission bands and of the 


whereas the same blue band at 4700 A is 


(9) 


possible nature of the centres connected to them 

will be given in Section 9. 

5. INFRA-RED STIMULATION OF THE PHOS- 

PHORESCENCE 

The measurements were made with a Perkin 

Elmer 12C monochromator equipped with a 

quartz prism. The samples were cooled down to 
190°C and excited for 3 sec with 3650 A radia- 

tion. After a waiting period of 70 sec the samples 

were exposed to the infra-red. 

The infra-red stimulation spectrum of the low- 
temperature phosphorescence (6200 A band) in a 
sample with Injne. 0-8 x 10-7 is given in Fig. 4. 
The stimulated light was detected with an R.C.A. 
type I.P. 21 photomultiplier tube. The curve of 
Fig. 4 represents the intensity of the emitted 
radiation for the same number of quanta at each 
wavelength and shows a weak band at about 0-7 eV 
followed by a strong band above 1-1 eV. Owing to 
measuring difficulties the maximum of this band 
could not be measured, but it probably extends 


well into the visible. The spectral distribution of 
the emitted light was photographed on an Ilford 
panchromatic F.P. Special film. Excitation in the 
bands near 0-7 eV and above 1-1 eV only stimulated 


the orange band. 


Intensity of the stimulated emission 


- 


18000 


12000 
Fic. 4. Infra-red excitation spectra of the low-tempera- 


ture phosphorescence of ZnS—In phosphors. 


6. TEMPERATURE DEPENDENCE OF THE 
EMISSION: GLOW MEASUREMENTS 

Figure 5 gives the temperature dependence of the 
total emission in a sample with Injne, = 0-4 x 107°. 
It is seen that already at room temperature 
the emission is killed by about 40 per cent. Re- 
firing the phosphor at 600°C (Fig. 5) in HeS 
causes the curve to shift towards lower tempera- 
tures, the room-temperature emission being almost 
completely quenched in this case (cf. Section 8). 
In the low-temperature emission of phosphors 
which were refired at 600°C the blue band was 
found to be absent. A discussion of this point will 
be given in Section 9. 

The results of the glow measurements (heating 
rate 2 degrees/sec) are given in Fig. 6. 

The glow curve shows two peaks at —75°C and 
— 160°C, respectively, the same peaks being found 
over the whole range of In concentration which 
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was investigated. At both peaks the glow is orange 
in all cases whereas the luminescence changes from 


bluish-green at low In concentrations to orange- 
yellow at high In concentrations. 


ZnS - in (0-4x107inc.) 





|Z2nS- /n(0-4x10-4inc.) 
refired at 600°C 





-200 -100 100 
&7(°C) 


Fic. 5. Temperature dependence of the luminescence 
of a ZnS-In phosphor fired at 1200°C and quickly 
cooled, and of the same phosphor refired at 600°C. 


I -75 








—=50 =700 -150 +200 
oc -_— 


Fic. 6. Glow peaks in ZnS—In phosphors. 


7. THE MECHANISM OF INCORPORATION 
OF In. 

In view of the fact that the In atom is bigger 
than the Zn atom incorporation of In on the 
interstitial sites of the ZnS lattice is unlikely. So, 
assuming substitutional incorporation of In, 
according to KrOGER and VinK“®, we have in 
principle the three ways of charge compensation 
mentioned below. 


(a) [Inz,] = [”] 
With this way of compensation In and S are 
incorporated in a 1:1 ratio and it is promoted 
by reducing conditions (low sulphur pres- 


sure). 
(b) [Inz,,] = 2 [Val 


With this way of compensation In and § are 
incorporated in a 2:3 ratio and it is promoted 
by neutral conditions. 


(c) [Inz,,] rd Vn] 
With this way of compensation the In and S$ 
are incorporated in a 1:2 ratio and it is pro- 
moted by oxidizing conditions (high sulphur 
pressure). 


In the equations above and in the following dis- 
cussions the atomic notation of KROGER and 
VINK9) is used, viz; 

An In atom which has replaced a Zn 
atom; effective charge zero, denoted by °. 
An In atom which has replaced a Zn 
atom; the In atom has lost one electron. 
Effective charge+1, denoted by * 

A Zn atom vacancy which has captured 
two electrons. This centre corresponds 


Int, = 


sn 


Inz, = 


to a Zn ion vacancy in the ionic descrip- 
tion. Effective charge —2, denoted by ” 
Vian A Zn atom vacancy which has captured 
one electron. 

Effective charge —1, denoted by 

A Zn atom vacancy. Effective charge 
zero. 


ry 
Vin 


n = A free electron. 
[Vz] = Concentration of Zn atom vacancies etc. 


Of the three ways of charge compensation men- 
tioned above mechanism (a) can be ruled out be- 
cause it would cause the phosphors to show n-con- 
ductivity, which is not the case. Mechanism (c) 
cannot be operating as the main mechanism of 
charge compensation either, because then one 
would find free sulphur on dissolving the powders 
in acids, which is not the case. Even at the highest 
concentration of incorporated In, viz. about 10~, 
no trace of sulphur is found on dissolving the sam- 
ples in HCl. Thus, at least in the range of In con- 
centrations investigated, only mechanism (b) re- 
mains. In the ionic picture this mechanism cor- 


responds to the replacement of 3 Zn?* ions by 
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2 In** ions, one Zn ion vacancy being formed. 
There are several striking examples of this kind 
of charge compensation in ZnS structures. The 
ternary compound ZnAleS4, for instance, has, 
according to HAHN and FRANK), a ZnS (wurtzite) 
structure 1000°C; this that 
quarter of the cation-lattice sites are empty. An 
fur- 


above means one 
even more striking example of this kind is 
nished by GagS3 which, again according to HAHN 
and FraNK(2), may have a ZnS structure with one 
third of the cation sites unoccupied. 

It seems that in the ZnS-type of structure the 
close-packed arrangement of the anions is very 
stable, changes in the number and nature of the 
cations in the tetrahedral interstices being possible 


which do not affect the anion sublattice. 


8. ASSOCIATION-DISSOCIATION EQUILIBRIA 
IN ZnS-In 

As was already stated in Section 2 the ZnS-In 
powders in order to show luminescence have to be 
cooled quickly from the firing temperature to 
room-temperature. If the phosphors prepared in 
this way are reheated at 500 to 600°C in HeS for 
as short a time as 5 min the room-temperature 
luminescence disappears almost completely. A 
refiring at below 500°C does not 
affect the The killing of the 


fluorescence due to refiring at 600°C was found to 


temperatures 


luminescence. 


be no function of the sulphur pressure used during 
refiring. When powders in which the room-tem- 
perature luminescence is destroyed by heating 
at 600°C are reheated at higher temperatures the 
room-temperature luminescence is gradually re- 
stored as the refiring temperature increases. The 
behaviour described here suggests a gradual 
association taking place when the samples are 
slowly cooled from 1200°C to 600°C. Below 
500°C the motion of the centres through the 
lattice is frozen and for this reason quenched 
samples refired below 500°C do not change their 
behaviour. X-ray powder diffraction patterns of the 
powders refired at 600°C show that the lattice 
spacings, which have increased due to incorpora- 
tion of In at 1200°C (cf. Section 3) practically 
drop* to those of pure ZnS in these samples. It 
thus appears that the high-temperature solution 

* The c and a values of phosphors refired at 600°C 


are 6:2610 A and 3°8229 A, respectively, as compared to 
6°2606 A and 3-8223 A for the pure ZnS 
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of IngS3 in ZnS gets supersaturated on cooling, 
as a result of which a strong clustering of the 
dissolved In occurs. 

In the foregoing section it was argued that the 
compensation mechanism was [Inz,] = 2 [Vz,]. 
It is plausible that the Inz,, and Vz,, centres will 
attract each other. In the first place these centres 
have effective charges of differing sign. Further, 
because the In atoms are bigger than the Zn 
atoms which they replace, an arrangement in 
which the Inz,, centres have a Vz, at a nearest- 
neighbour site will be energetically more faveurable 
than one in which Injz,, and “Ad are far apart 
(volume compensation). The latter effect is 
certainly one of the effects responsible for IngS3 
dissolving to a much smaller extent into ZnS 
than GaoSs3 (cf. Section 3), the Ga atom having 
approximately the same size as the Zn atom. 

For the above reasons the onset of association 
may be represented by the following reactions: 


[In') [V") 


-InV’ with Ky - 
{InV’’] 


In + V’ 
and 
[In] [InV’] 


InV’ + In 
[InoV°] 


> InoV® with Ko 


For convenience the symbols Inz,, Vz, ete are 


written In’,V’’, etc. 

The and Ko 
written in terms of association energies /) and 
E,. (cf. for instance Liprarp“)), By choosing 
reasonable values for £) and FE» the concentrations 
appearing in (a) and (b) may be calculated as a 
function of the amount of In incorporated and 
as a function of temperature. We will not give 
the calculation because in the forthcoming dis- 


reaction-constants Ky may be 


cussion we only need the general trends, which 
will be clear without a detailed calculation. 

These general trends are: 

(1) With increasing concentration of Inine. the 
concentrations of In’ and InV’ and especially the 
concentration of IngV° increase stronger than the 
concentration of V”. 

(2) On slowly cooling down the samples from 
high temperature the concentration of IngV® in- 
creases, whereas the concentrations of the other 
centres, and especially the concentration of V”, 


decrease. 
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In the next section we will try to correlate the 
centres In’, InV’, V’’ and IngV® with the three 


emission bands observed. 


9. THE NATURE OF THE CENTRES IN 
ZnS-In 

The emission spectrum of ZnS-In phosphors 
was found to consist of bands at 6200 A, 5350 A 
and 4700 A (Section 4). Also the presence of the 
centres In’, InV’, V” and IngV® was made 
plausible. It is suggested that following 
correlation exists between the emission bands and 


the 


the centres: 

(a) The 6200 A band is due to recombination 
of electrons in the In traps and holes in the filled 
band, cf. KLAsens®). 

(b) The 5350 A band is due to the InV’ com- 
plexes. 

(c) The 4700 A band is due to the V”’ 

(d) The IngV® and bigger complexes act as 


centres. 


killer centres. 


Below, arguments in favour of the assumed 
correlations will be given. The level scheme pro- 
posed for the ZnS-In phosphors is depicted in 
Fig. 7. On excitation, electrons are brought from 


Conduction band 


A 








Fic. 7. Level scheme of the ZnS—In phosphors. Levels 
occupied by an electron are indicated by a fully drawn 
line, empty levels by a broken line. 


the V” and InV’ centres to the conduction band, 
(processes 1 and 3 of Fig. 7). Some of these 
electrons drop back into the empty V” and InV’ 
centres (processes 2 and 4) thus giving rise to the 
blue and green emission bands, others fill the In 
traps (process 8). The orange band arises from 
the recombination of electrons from the In traps 
with holes in the valence band (process 5) origin- 
ating from the empty V” and InV’ centres. It is 
likely that the orange band can also be excited 
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directly (process 6). Without direct excitation the 
occurrence of a strong orange band (especially at 
high In concentration (cf. Fig. 3b) at —190°C 
would be hard to explain, because the escape of 
holes from the V’’ and InV’ centres is largely 
blocked at — 190°C. The assumption that part of 
the light emitted in the orange band comes from 
direct excitation is further supported by the fact 
that excitation of the phosphor with 4358 A, in- 
stead of with 3650 A, was found to promote the 
orange band. The infra-red stimulation of phos- 
phorescence and the glow are attributed to optical 
and thermal release of holes from the empty V”’ 
and InV’ centres (processes 9 and 10 in Fig. 7) 
towards the valence band followed byrecombination 
with electrons trapped in the In traps, thus giving 
the orange band. The emptying of the hole traps 
is already operative at temperatures at which the 
release of electrons from the In traps (process 7) 
towards the conduction band is still small. So it is 
not surprising that in the glow experiments no 
indication of the well-known deep In trap is found. 
The position of the levels in Fig. 7 makes it logical 
to correlate the glow peak at —75°C to the InV’ 
centres and the glow peak at — 160°C to the V” 
centres. A further argument for this can be ob- 
tained from the consideration of the glow be- 
haviour of comparable ZnS-Ga_ phosphors.‘ 

These phosphors also show two glow peaks. One 
of them is also at — 160° (V’’) the other at — 105°C 
(GaV’). The infra-red excitation peak of the 
phosphorescence > 1-1 eV is probably correlated 
to the InV’ centres and the band at about 0-7 eV 
to the V”’ centres. 

The assumption that IngV® and higher com- 
plexes act as killers, i.e. as centres which give way 
to a strong radiationless band—band recombination 
is corroborated by the fact that both a high In 
concentration and refiring at 600°C shifts the 
temperature dependence curve of the phosphors 
to lower temperature, a phenomenon typical for 
killer action. The influence of the killers will be 
the stronger the easier the excited centres release 
their holes. This means that the green emission and 
especially the blue emission will be quenched when 
the concentrations of IngV° and higher complexes 
rise. The orange emission, however, as far as it is 
directly excited by process 6 (Fig. 7), will be much 
less quenched because the electron trap due to In 
is much deeper than the hole traps of the empty 
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InV’ and V” centres. The changes in relative 
importance of the emission bands with increasing 
In concentration as shown in Figs. 3(a) and 3(b) 
can now be explained qualitatively as follows: 


(a) The contribution of the blue band diminishes 
with increasing Injnce. because the relative con- 
centration of V’”’ rises less with increasing Injne. 
than that of the other centres (cf. Section 8), and 
further because it is more strongly quenched by the 
increasing concentration of InoV®. 

(b) The relative importance of the green band 
first increases with increasing Injnc, because the 
concentration of InV’ rises, and then decreases 
because it is more strongly affected by the in- 
creasing IngV° concentrations than the orange 
emission. 

(c) The relative importance of the orange band 
increases with increasing Injnce. because the orange 
emission is less quenched by the increasing con- 
centration of InoV® than the green and the blue 
emissions. 

The increased relative importance of the shorter- 


wavelength (cf. 
Fig. 3b) is explained by a decreased migration of 


emission at low temperature 
holes and consequently a decreased killer action 
and a decreased transfer of the excitation energy 
to the centres with a longer-wavelength emission. 

As has been stated in Section 6 the low-tempera- 
ture emission spectra of phosphors which have 
been refired at 600°C do not show the blue band. 
This effect is very striking at low In concentrations. 
At a low temperature the luminescence in these 
samples without the 600°C treatment is blue 
whereas the low-temperature luminescence of the 
This 


phenomenon can be explained on the basis of the 


samples is yellow after refiring at 600°C. 


analysis given. Due to refiring at 600°C the con- 
centration of IngV° and higher complexes rises, 
whereas especially the concentration of V” is 
strongly reduced. Both effects have a quenching 


influence on the blue emission. 


10. CONCLUDING REMARKS 
In Section 7 arguments were given for the com- 
pensation mechanism [Inz,] = 2 [Vz,] in the 
ZnS-In phosphors discussed. It might be argued 
that the luminescence in, e.g. the 4700 A band, 
could nevertheless be due to a small concentration 
of another centre, e.g. [Vz,,]. However, this is not 
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likely. Firstly the blue band is quite strong; 
further the concentration of Vz, in the region 
of main compensation [Inz,] = 2 [Vin] is pro- 
portional to the square root of the sulphur pressure. 

If the blue band were due to Vz, one might 
expect variations in intensity of the blue band on 
changing the sulphur pressure, but, as was already 
stated in Section 2, the luminescence is not sensitive 


to changes in sulphur pressure. 

There are indications in the literature that the 
blue bands obtained in ZnS with Cl, Al, Ga or by 
firing at high temperature may not all be at 
exactly the same place(!4) and may have a different 


shape.“5) The maxima are found to vary between 
4400 A and 4700 A.45) Probably the self-activated 
blue emission bands are of a composite nature 
as has also been suggested by other authors.) 
The long-wave part (4700 A) of the self-activated 
emission could be due to lo. and the short-wave 
part (4400 A) to another centre. If this were true, 
this other centre would probably not be Vz, 
because then the Fermi level would be between the 
levels of Ve. and Vans i.e. close to the valence 
band. The phosphors of this type should show 
p-conductivity, which has never been observed. 

In the level scheme of Fig. 7 the level of the 
effectively double-charged centre, Fes was put 
at a smaller distance from the valence band than 
the level of the Inz,Vz, centre with its single 
negative charge. If the perturbation potentials 
due to these centres were of a pure Coulomb 
nature the relative positions of the levels should 
be just the reverse. 

There are, however, more examples to show 
that a Coulomb model does not hold. The atoms 
Ni, Co and O, for instance, which have the same 
valence as the Zn or S atoms they replace, never- 
theless give much deeper electron traps,®) than 
Al or Cl which have a valence different from the 
lattice constituents. 

In the present paper the long-wave emission at 
6200 A, found in ZnS VzIn and ZnS—Ag,In, 
was connected to a radiative transition from the 
trap level to the valence APPLE and 
WILL1AMs") (cf. Section 1), however, ascribed the 


band. 


long-wave bands they found with Ga and In to 
radiative transitions from the ground state of the 
trap level to the ground state of the activator. in 
the model of APPLE and WILLIAMs the character- 
istics of the long-wave emissions found with a 
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Table 2. 
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Long-wave emissions in ZnS phosphors coactivated 


with In. 


Phosphor 


ZnS-V”, In 
ZnS—Ag, In 
ZnS—Ag, In 
ZnS-—Cu, In 


present work 
present work 


given coactivator should depend on the chemical 
identity of the activator. In the present model this 
should not be the case. 

Table 2 gives a survey of our data about the 
long-wave emissions obtained with In and those 
of APPLE and WILLIAMS. 

It is seen from Table 2 that, in agreement with 
our model, the position of the long-wave emission 
does not depend on the nature of the activator for 
the combinations V’’,In and Ag,In. The different 
location of the peak with Cu,In, however, seems to 
favour the model of APPLE and WILLIAMs. There 
are, however, indications (also in APPLE’s own 
work()) that at least part of the long-wave emission 
obtained with Cu,In is due to another centre, which 
could be identical with the red Cu-centre found by 
FROELICH™) in non-coactivated ZnS-—Cu_phos- 


phors. This might also explain the otherwise 


somewhat curious shift of the long-wave Cu,In 
emission to longer wavelengths (cf. Table 2), 
which occurs at low temperature. In our opinion 
the different position of the long-wave emission 
obtained with Cu,In cannot be used as a safe 
argument in favour of the model of APPLE and 
WILLIAMS. 

Summarizing the present situation one might 
say that the results with In seem to favour the 
idea of a long-wave emission characteristic for the 
coactivator, more work being necessary to elucidate 
the nature of the long-wave emissions obtained in 
ZnS activated with Cu alone and in ZnS activated 
with Cu combined with trivalent coactivators. 


Author 


APPLE and WILLIAMs'® 6150 
APPLE and WILLIAMsS‘® 


Maximum of 
fluorescence 
at 20°C | at —196°C 
A A 
6200 
6200 
6150 
6650 


6200 
6200 


6350 
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One of the most studied imperfections in 


NTRODUCTION 
alkali 
halides is the F-center. Originally, it was defined 
as the imperfection that gives rise to the optical 
absorption band that is called the F-band. The 
of the F-center 


studied very thoroughly in the past, both experi- 


electronic structure has been 
mentally and the oretically, and the evidence that it 
consists of an electron trapped at a halide vacancy 
is so overwhelming, that this model has become 
the definition of the F-center. 

An equally fundamental imperfection should 
consist of a hole (electron deficiency) trapped at an 
alkali of 
defect was proposed by Se1Tz in 1946) and later 
called He 
also speculated that the optical absorption band 
V; The 


evidence for this assignment is very uncertain and 


vacancy. The existence such a lattice 


“the antimorph of the F-center’’. 


might be due to this imperfection. 


there are experiments which seem to disagree 
with it. 

The present article describes in some detail the 
analysis of a paramagnetic resonance spectrum of 
X-rayed and properly annealed LiF single crystals. 


The spectrum can be interpreted as arising from 


1 then warmed-up to a 
ped-hole center 
to consist of a hole trapped at 
the 
adjacent to the 


However, owing to the 
center has the 
The thermal stability 
the 


for the self-trapped hole. 


5U 


130°K 


Its electronic structure was studied by means 


temperature between 


a Li vacancy, and thus 


F-center. However, the electron deficiency is 


Li vacancy, so that the symmetry is 


new center is closely related to the self-trapped hole, as it can 


of the Li the 
an isosceles triangle lying in a 
is higher than that of the self- 
The main optical absorption band is 


vicinity vacancy 


symmetry ol 


vacancy 


So far the only alkali 


’ 


found. 


a hole trapped at a Li vacancy; i.e. from the anti- 


* 


morph of the F-center.* For the sake of brevity, 
we shall call this center the Vp-center. (The letter 
V is customarily used for the designation of centers 
involving electron deficiencies, and the subscript 
F shall indicate the structural relationship with the 
F-center.) 

The conditions under which the Vy-center is 
present in LiF are described in another paper.‘ 
The paramagnetic resonance spectrum was ob- 
served at liquid nitrogen temperature with an 


X-band 


bands of the Vp-center are expected to overlap 


spectrometer. The optical absorption 
considerably with those of other centers, and they 


have not been isolated as yet. 


THE QUALITATIVE FEATURES OF THE 
HYPERFINE SPECTRUM 
1. The over-all symmetry of the Vp-center 
The hyperfine spectrum of the Vp-center is 
closely related to that of the self-trapped hole. (¢-8) 
The over-all symmetry of both centers is ortho- 
rhombic with the axes x’//[110], y’//[001] and 


* 


A short preliminary report of this work has been 
published previously. 
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z'//[110]. Consequently, there are six equivalent 
and equally occupied orientations of the ortho- 
rhombic axes, so that for a general direction of the 
d.c. magnetic field, Ho, six “basic spectra’’ are 
observed. This number reduces to two for 
Ho//(100] and Ho [111], and to three for Ho//[110]. 
Here only these three special orientations will be 
discussed, although the identification of the basic 
spectra required a careful study of the spectra for 
rotation of the crystal about a [001] and a [101] 
axis. For a given direction of Ho, the basic spectra 
shall be characterized by the angle 0 between Ho 
and the orthorhombic axis 2’. For Ho along 2’ 
the largest hyperfine splitting is observed. 


2. The detailed symmetry of the Vp-center 


The spread and the anisotropy of the hyperfine 


spectrum are about the same as for other types of 


V-centers in LiF®-9) indicating that the electron 
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Paramagnetic resonance spectrum of the V’r-center for Ho 
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deficiency is localized almost full-time on fluoride 
ions. For general directions of Ho the basic spectra 
consist of four lines with roughly equal intensity. 
This shows that the hole is localized on two fluoride 
ions, which are non-equivalent with respect to an 
axis along Ho. For special directions of Ho (e.g. 
for Ho in a (110) plane) one of the basic spectra 
degenerates into a three-line pattern with the in- 
tensity sequence 1:2:1, showing that the two 
fluorine nuclei are equivalent with respect to special 
axes. (Nevertheless, two geometrically equivalent 
fluorine nuclei can, in special cases, also give rise 
to a four-line pattern; namely, when the angle @ 
approaches 90°. This higher order hyperfine effect 
has been discussed in detail for the self-trapped 
hole®).) The difference between the 
Vy-center and the self-trapped hole is that in the 
latter case the two fluorine nuclei are geometrically 


main 


equivalent for every direction of Ho so that (for 4 
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100] and its decomposition 


into basic spectra. For comparison the corresponding spectra for the self-trapped hole are repro- 


duced on the right-hand side. 


Superposed upon the V’y-center spectrum are a number of much weaker spectra belonging to other, 


unidentified centers. 


Derivative of absorption measured at liquid nitrogen temperature. 
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not approaching 90°) a 1:2:1 pattern always 
results. Figs. 1-3 serve to illustrate these facts: 
on the left-hand side of each Fig. the paramagnetic 
resonance spectrum of the V-center is reproduced 
and its decomposition into basic spectra is given. 
The corresponding data for the self-trapped hole 
are reproduced on the right-hand side. 

Figure 1 shows the data for Ho//[100]. The 
spectrum of the Vp-center can be derived from the 
spectrum of the self-trapped hole by splitting the 
center line of the 45°-spectrum into two about 
equally intense lines 99 G apart. The position of the 
outside lines changes relatively little. A small 
change can be noticed in the 90° spectrum. The 
first and the second line, which are clearly resolved 
for the self-trapped hole, merge in the Vp- 
spectrum. The can be considered 


accidental, as it is not connect 1 with the symmetry 


coincidence 


of the center. 
The spectra for Ho//[110] are given in Fig. 2. 


The 60°-spectrum is a four-line spectrum. The 


separation of the center lines is smaller than in the 
45° spectrum; namely, only 68 G. This indicates 
that this splitting is not due to a higher order 
effect (which would increase with increasing 6), 


As Fig. 1 
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, but Ho 


but to a real geometrical nonequivalence of the 
two fluorine nuclei. The 0°-spectrum is a 1:2:1 
pattern. The 90° spectrum differs significantly 
from that for Ho//[100] suggesting that axial 
symmetry about 2’ is not as good an approximation 
as for the self-trapped hole. 

The spectra shown in Fig. 3 are obtained with 
Ho//{111]. The Vp-spectrum for @ = 35-26° is a 
1:2:1 pattern. The 90° spectrum is very similar 
to that for Ho//[110]. 

From the orientations of Ho for which the two 
fluorine nuclei of the V-center become geo- 
metrically equivalent it can be concluded that the 
symmetry of the Vp-center is that of an isosceles 
triangle with the base 2’ and the height x’, thus 
lying in a (001) type plane. (The reasoning is 
exactly the same as for the V;-center.)) The two 
fluorine nuclei 1 and 2, on which the hole is 
localized, are located on the base.* 

It is now useful to introduce the tensors T 


* Note that the paramagnetic resonance experiment 
does not distinguish whether the apex is on the left- 
hand side or on the right-hand side of the base. However, 
this degeneracy could be removed by an externally 
applied electric field along a [110] axis. 
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which describe the hyperfine interaction with the 
two fluorine nuclei z = 1, 2. The symmetry of the 
center requires then that these two tensors are 
equal, but that their principal axes £;, yi, (i are 
rotated with respect to the orthorhombic axes 
x’, y’ and 2’. The axis of rotation is y’, and the 
angles are +6 and —6 as is shown in Fig. 4. The 
self-trapped hole corresponds to the case 6 = 0). 
The following facts indicate that the angle 6 for 
the Vp-center is small: 

(a) The separation of the two center lines is small 
compared to the anisotropy of the hyperfine inter- 
action. 

(b) The outside lines are close to those for the 
self-trapped hole for any orientation of Ho. 


3. QUANTITATIVE ANALYSIS OF THE HYPER- 
FINE SPECTRUM 


The hyperfine spectrum shall now be analyzed 
in terms of a spin Hamiltonian of the form 


KH ~ 2BoS-H, + goBoS ° (T®. [M4 T?. I), ( 1) 


where go is the spectroscopic splitting factor of the 
free electron and g that of the Vp-center for the 
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1, but Ho//[111]. 


direction z of the d.c. magnetic field H,. The Bohr 


magneton is designated by fo, and the spin 


Fic. 4. The symmetry of the Vr-center. The axes x’, 
y’, x’ are the orthorhombic axes corresponding to the 
over-all symmetry. For Ho along 2’ one observes the 
largest hyperfine splitting. The axes €;, 7, and ¢; are 
the principal axes of the hyperfine tensor T 

Note that the paramagnetic resonance spectrum does 
not distinguish between the situation (a) and the situa- 


tion (b). 
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operators of the electron and of the F nuclei by S$ 
and J, respectively. To a first-order approximation 
the hyperfine splitting is the sum of the con- 
tributions a; and ae from the two nuclei 1 and 2. 
For angles @ not approaching 90° such an approxi- 


mation is satisfactory but not accurate. Using the 





signment of nuclear magnetic quantum 


the hyperfine lines of spectra 


assignment of nuclear quantum numbers to the 
lines of the basic spectra given in Fig. 5, one can 
write 


(2) 


thus eliminating quadratic terms in the nuclear 


quantum numbers m;. The a values so obtained are 
listed in Table 1. These data yield SIX equations 


Table 1. Contribution of the two nuclei to the hyper- 
fine splitting for special orientations of the d.c. 


magnetic field Ho. 


Angle @ 
between 
Ho and me 


(degrees 


Direction 


of Ho 
(G) 


589 
741 
913 
415 


100 
111 
110 
110 


numbers are derived from the experimental 


The 


data using equation (2) 


for the four unknowns which are the three principal 
axes of the hyperfine tensors T and the angle of 
rotation 6. The analysis shows that 7;- and 7,, 


are small compared to 7, so that the first-order 


approximation does not permit an accurate 
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determination of T;; and T,,.* The result of the 


crude analysis is 


915 oersted 
6 = 4°, 
4. INTERPRETATION OF THE HYPERFINE 
TENSORS 
earlier work that the 
unpaired 


we assume now 
eround-state of 


electron can be approximated by a linear combina- 


As in 
wave-function the 
tion of hybridized atomic wavefunctions centered 


79) For a hole on a fluoride 


on the two nuclei. 
ion the wave-function is primarily a 2p function. 
The hyperfine tensors show that the p-functions 
are oriented along the C-axes. Thus the center can 
be described as a F; molecule-ion with a slightly 
bent bond. ‘The nonvanishing trace of the hyperfine 
tensor indicates a considerable isotropic component 
of the hyperfine interaction, which is due to the 
admixture of s-function. It is very unlikely that it 
can be explained by exchange interaction with the 
core electrons.) In order to account for the iso- 
tropic part, between 40 per cent and 50 per cent 
3s character or about 4 per cent 2s character has 
to be admixed to the 2p function. In the early work 
on the 
(n + 1)s function to the mp function was considered 


halogen, molecule-ions admixture of 
only; however, the normalization of the wave- 
function suggests that admixture of ms (in the 
present case 2s) should rather be considered (e.g. 
Table 5 of Ref. 4). 

It is interesting to note that the hyperfine 
splitting for the Vp-center is larger than for the 
self-trapped (Tee = 915G 
T-~ = 887 G). This indicates that the internuclear 
distance in the F, inolecule-ion is smaller for the 


hole compared to 


Vy-center than for the self-trapped hole. A similar, 
but considerably larger, difference was encountered 
in the case of the H-center (T,, 956 G), where 
the two fluoride ions are pushed together as a 
consequence of crowding.) In fact, the crowding 


* In fact, the first-order approximation yields negative 
values of Tse? and T,,2, both for the V r-center and for 
the self-trapped hole. The accurate analysis gave for the 
self-trapped hole, Tse ~ Tp>, = 59 G. Similar values 
would be expected for the Vr-center. The value of Tz; 
obtained by the first-order approximation is accurate. 
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in the H-center leads to additional resolved hyper- 
fine interactions and to a significantly shorter 
spin-lattice relaxation time. The reduced inter- 
nuclear distance in the Vp-center must be of 
another origin. There is no evidence for additional 
hyperfine interactions in the Vp-center as com- 
pared to the self-trapped hole. On the contrary, 
the line widths, which in both cases are due to 
unresolved hyperfine interactions with the sur- 
rounding ions, appear to be slightly smaller for the 


Le ® & 


@ * 


“1G. 6. Very schematic representation of the models for 

(a) the V p-center 

(b) the self-trapped hole center. 

The p-functions are symbolized by figure eights and 
the s-admixtures by circles. The relative signs of the 
p-functions correspond to the antibonding 2c, level of 
the F, molecule-ion. The sign of the s-admixture in the 
V p-center is suggested by crystalline field considerations 
Note that the actual position of the internuclear axis < 
of the V -center is not known, except for its direction 
For example, it may well pass somewhat closer to the 
center of the I.i vacancy than is indicated in the drawing 
The angle © is exaggerated; its actual value is 0 ~ 4 


Vpr-center. However, this effect is within ex- 
perimental errors. The saturation behavior of the 
Vp-center resonance at 77°K is not significantly 
different from that of the self-trapped hole. This 
again suggests a very close relationship between 
these two centers. 

The tilt 5 of the hyperfine tensors indicates that 
the F, molecule-ion in the Vp-center is closely 
associated with a lattice imperfection. This im- 
perfection has to fulfill the following requirements: 


1. It probably has a negative charge. This would 
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explain the higher thermal stability of the Vp- 
center as compared to the self-trapped hole. 

2. It must comply with the detailed symmetry 
of the center. 

3. It must favor a slightly reduced internuclear 
distance of the F5 molecule-ion as compared to 
the case of the self-trapped hole. 


The simplest imperfection that ideally meets 
all these requirements is a Li vacancy. Thus one 
arrives at the model for the Vp-center shown very 
schematically in Fig. 6(a). The smallness of the 
tilt 6 may indicate that the whole F, molecule-ion 
is displaced towards the Li-vacancy relative to the 
position it would have in the absence of the Li- 


vacancy (self-trapped hole, Fig. 6b). 


SPECTROSCOPIC SPLITTING FACTOR 
ABSORPTION 


5. THE 
AND THE OPTICAL 

A discussion of the level scheme of the halogen, 
molecule-ion and of its spectroscopic splitting 
factor was given in the earlier papers on the self- 
trapped hole and on the H/-center,“@:” and it can 
be applied to the Vp-center. 

The axes of the g-tensor coincide with the axes 
x’, vy’, 2’ of the over-all symmetry. The work on the 
H-center showed that a reduction of the inter- 
nuclear distance shifts the tensor components 
gy and g, closer to the free electron value, pro- 
vided that the degree of s-admixture is not reduced. 
According to the interpretation of the hyperfine 
splitting, one expects, therefore, that the g,. and g, 
values for the Vp-center should be between those 
for the H-center and those for the self-trapped 
hole, but closer to the latter ones. Table 2 shows 
that the difference is within the errors of the ex- 
periment. Apparently, the perturbation of the 
F, molecule ion through the Li vacancy is not 
significant if one starts out with a self-trapped hole. 
Consequently, the main optical absorption band 


of the Vp-center, namely the og—cy, transition, 


is expected to almost coincide with the optical 


absorption of the self-trapped hole, which is 
centered at about 3400 A. It should be possible to 
isolate the Vp-band by means of the annealing 
processes described in Ref. 6. 

SEITZ proposed that the optical absorption band 
V; in NaCl, KCl and KBr might be due to a hole 
trapped at an alkali vacancy.) So far we have 
failed to detect in these salts a paramagnetic 
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Table 2. 
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Principal components of the g-tensors for the Vy-center 


and for the self-trapped holes measured at 9:3 kMc. 


V »-center 

Self-trapped hole 
(V-center of Refs. 
7 and 8) 


The principal axes are x’, } 


resonance spectrum that is connected with the 
optical Vj-band. In addition, we were unable to 
detect in these alkali halides a paramagnetic 
resonance spectrum which could be interpreted 
as arising from a Vp-center. Therefore, the 
structure of the center that causes the V;-band is 
still an unsolved puzzle. 


6. DISCUSSION OF THE MODEL FOR THE 
Vrp-CENTER 

We cannot prove, at the present stage, that the 
model for the Vp-center depicted in Fig. 6 re- 
presents the only and unique interpretation of our 
observations. What we have proved unam- 
biguously, however, is the fact that the center can 
be described as a Fy molecule-ion with a slightly 
bent bond, so that the symmetry of an isosceles 
triangle results, which is oriented with respect to 
the crystal axes as shown in Fig. 4. The position 
of the isosceles triangle with respect to a transla- 
tion cannot be unambiguously inferred from the 
paramagnetic resonance spectra. However, it is 
important to note that the actual position requires 
a surrounding with proper symmetry. The pro- 
posed model is not only compatible with the 
present paramagnetic resonance data but also with 
the greater stability of the Vp-center as compared 
to the self-trapped hole. In addition, the process 
of formation of the Vp-center is compatible with 
the model.) “herefore, it has a good chance for 
being correct. 

The difference 
F-center and of its “‘antimorph’’, the Vp-center, is 


between the structure of the 
very striking. The F-center in its ground state has 
cubic symmetry, whereas the symmetry of the 
Vp-center is lower. The F-center wavefunction 
is essentially an s-like function, made up from 


, and 2’ 


22’ error 
2-001 + 0-002 
2-0031 + 0-001 





as given in Figs. 4 and 6. 


alkali s-functions. Consequently, one does not 
expect a Jahn-Teller distortion to occur. The 
situation is different for the Vy-center. The 
fluorine 2p band is the highest filled band, and 
there the electron is missing. Thus one expects a 
p-like state for the hole, and, on the basis of the 
Jahn-Teller theorem, a lower than cubic sym- 
metry. Without a detailed theoretical investiga- 
tion, one cannot predict what the distorted struc- 
ture would be. However, the model resulting from 
the paramagnetic resonance experiments is quite 
plausible in hindsight. The hole in its ground 
state certainly has low energy since the electron 
is missing in the antibonding 2pc, orbital of a 
Moreover, the hole in the 


9 - 
“r. molecule-ion’’. 


proposed model can make good use of the electro- 
static potential around the Li vacancy so that the 
energy is further lowered. 

According to the proposed model there are 
twelve equivalent possibilities for the hole to be 
localized on two of the six fluoride ions adjacent 
to the Li vacancy. Therefore, the question arises: 
what is the frequency at which the electron de- 
ficiency jumps around the vacancy from one pair 
of fluoride ions to another? The paramagnetic 
resonance experiment can distinguish between 
those six positions of the hole which correspond to 
nonparallel internuclear axes, because of the aniso- 
tropy of the hyperfine interaction and the aniso- 
tropy of the g-tensor. At 78°K and at 130°K no 
broadening of the paramagnetic resonance lines 
could be obs zrved. Therefore, at these temperatures 
the jump frequency is at least much smaller than 
the microwave frequency. DELBECQ et al."!!) have 
shown for the self-trapped hole in KCI that the 
internuclear axes of the Cl, molecule-ions can be 
the (cy—c,)-transition 


reoriented by inducing 
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with properly polarized light. A state can be 
achieved in which the axes of all Cl, molecule- 
ions are parallel to the particular [110] -axes of the 
crystal which are perpendicular to the E-vector 
of the light. The orientation stays frozen-in at 
liquid nitrogen temperature. We have verified 
that the corresponding experiment can also be 
done with the self-trapped holes in LiF. The close 
relationship between these and the V p-centers 
suggests the possibility of optical reorientation of 
the Vr-centers. However, experiments carried out 
at 60°K and above failed to indicate a preferred 
orientation of the Vy-centers due to polarized 
light, which should have induced the (cy-«,)- 


transition. ‘This failure can be explained by 


assuming that the hole is “jumping” around the 
Li vacancy even at 60°K“*) or that the optical 
orientation is inefficient (compared to the case of 
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the self-trapped hole) because the Li vacancy 
modifies the level scheme of the whole system. 
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Abstract 
studied by 
structures of which are known from pre\ 
holes, the /7-centers, the l’ p-centers and the 


means of paramagnetic resonance 


The low temperature annealing processes in LiF crystals X-rayed at 77°K have been 
Four types of hole centers (V-type centers), the 
ious work, play an important part; namely, the self-trapped 
V+-centers. The relative concentrations of these defects 


have been measured after X-irradiation at 77 K and after subsequent pulse annealing at successively 


higher temperatures 
spectra undergo significant changes in intensity 


Four temperature intervals were found in which the paramagnetic resonance 
There seems to be a one-to-one correspondence 


between the annealing processes observed by means of paramagnetic resonance and those detected 


1 


by other investigators by 


absorption and of the crystal volume 


1. INTRODUCTION 
Tue low temperature annealing of LiF crystals 
that have been exposed to X-rays at liquid nitrogen 
temperature has been studied in the past by 
various techniques. GHORMLEY LEVY in- 
vestigated the thermoluminescence _ peaks.) 
DeLBEcQ ef al. measured the optical absorption 


and 


and its changes upon warming the crystal, the 
release of trapped charge (conductivity peaks) 
and the thermoluminescence. ©) Recently, WIEG- 
AND and SMOLUCHOWSKI measured by means of a 


photoelastic technique the volume changes which 
X-irradiation at 


LiF crystals undergo during 


liquid nitrogen tempt ratur¢ and upon subsequent 


warming-up, and they tried to correlate these 


data with the changes in the optical absorption 
bands, ) 

While these studies permitted some speculations 
about the nature of the radiation induced damage 
and about the annealing processes they do not 


molecular proce sses. 


give direct insight into the 
The present work is complementary to the earlier 
that the 


level; namely, by 


studies in defects were studied on a 


means of paramag- 


molecular 
netic resonance. One of the most serious limitations 
of this study is, however, that non-paramagnetic 
Moreover, one is 


defects cannot be observed. 


means of thermoluminescence, conductivity, changes of the optical 


never sure whether there are paramagnetic defects 
present which may have escaped observation under 
the conditions of the experiment. 

A search for paramagnetic defects was made at 
various temperatures ranging from 2°K to 130°K, 
using an X-band spectrometer. The derivatives 
of the absorption and of the dispersion were re- 
corded using a modulation frequency of the 
magnetic field of 8 c.p.s. and a modulation ampli- 
tude of several oersteds. The microwave power 
incident on the cavity was varied from »W to mW. 
About a dozen different paramagnetic defects 
could be found in X-rayed LiF under these cir- 
cumstances. ‘The spectra of four defects are pre- 
dominant, and attention was focused on these. 
The four centers are all trapped-hole centers 
of an 


However, the presence 


(V-type centers). 
appreciable number of paramagnetic electron 
excess centers cannot be excluded, because the 
conditions of detection may have been unfavorable 


for these.* 


for example, an inhomogeneously broad- 


T,, which is very 


Assume, 
ened resonance with a relaxation time, 
long and in addition long compared to the spin diffusion 
time. Such a resonance can escape observation in absorp- 
tion as well as in dispersion under the conditions of the 


experiment as outlined above. 
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2. DESCRIPTION OF THE PARAMAGNETIC 
DEFECTS 


The structures of the four predominant V-type 
centers have been analyzed in previous papers. 
Here, only a short description will be given (see 


Fig. 1). 


> oa a ® > . —_— 


Fic. 1. Schematic representation of the four trapped- 

hole centers considered in this article. The fluorine 

nuclei near which the hole is localized are connected 

with a heavy line. The 2p-functions forming the main 

part of the linear combination of atomic orbitals for the 

hole are symbolized by figure eights. The F-nuclei are 

represented as full circles and the Li-nuclei as open 
circles. 

Self-trapped hole 

H-center 

V p-center 


(A). 
(B). 
(C). 
(D). Vi-center 

1. The self-trapped hole:°) 

This V-center is an electron deficiency which 
is not associated with any other imperfection. ‘The 
hole is localized on two fluoride ions so that a F, 
molecule-ion results with its axis along a [110]-axis 
of the crystal (center A in Fig. 1). The paramag- 
netic resonance absorption was measured at 
liquid nitrogen temperature. ‘The main optical 
absorption band is centered around 3400 A and 


corresponds to a poy—poy transition. 


2. The H-center) 
This center is chemically equivalent to an inter- 
stitial F-atom, and it is best described as a F, 


molecular ion substituting for a F~ ion as shown in 
Fig. 1 (center B). Its paramagnetic resonance 


spectrum was measured at liquid nitrogen tempera- 
ture. The poy—pog optical absorption band is 
expected to be very close to the corresponding 
band of the self-trapped hole (3400 A), but slightly 
shifted to shorter wavelength. In order to isolate 
it one has first to find a way to generate H-centers 
without the presence of self-trapped holes. 


3. The Vp-center™ 

The Vp-center is believed to be the antimorph 
of the F-center, since it appears to consist of a 
hole trapped at a Li vacancy. The hole is again 
localized on two fluoride ions so that a F, molecule- 
ion results with a “bent bond”’ (center C in Fig. 1). 
The optical absorption band poy—poy is expected 
to almost coincide with the corresponding band 
of the self-trapped The 
resonance absorption was measured at liquid 


hole. paramagnetic 


nitrogen temperature. 


4. The V;-center®) 

The V;-center differs in character from the 
above-mentioned electron deficiency centers, in 
that it cannot be described as a tightly bound F, 
molecule-ion. The unpaired electron is localized 
on three fluoride ions in a pz-like state as is in- 
dicated schematically in Fig. 1 (center D). The 
paramagnetic resonance cannot be observed at 
liquid nitrogen temperature, but readily at 
liquid hydrogen temperature. The optical ab- 
sorption bands of this center have not been estab- 


lished as yet. 


5. Other paramagnetic centers 

The spectra of the remaining centers are re- 
latively weak. Some of them seem to be related to 
the spectra of the V-centers described above, 


others are probably due to impurities. 


3. GENERATION AND DECAY OF THE PRE- 
DOMINANT HOLE-CENTERS 


1. Crystals X-rayed at 77K 
The 


dominant V-type centers was measured by means 


relative concentrations of the four pre- 
of paramagnetic resonance after X-raying the 
crystal at liquid nitrogen temperature and after 
subsequent pulse annealing for 30 min at succes- 
sively increasing temperatures. After the annealing 
pulse the crystal was immediately cooled to 77°K 
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for the measurement of the of the 
self-trapped hole, the H-center and Vp-center, and 
then cooled to 20°K for the investigation of the 
Vi-center. The saturation behavior of the para- 


spectra 


magnetic resonance spectrum was investigated for 
all four centers in order to account for saturation 
effects in the determination of the relative con- 
centrations. 

In a typical run a slab of Harshaw LiF of 2-6 mm 
thickness was irradiated in the microwave cavity 
at liquid nitrogen temperature for about 100 hr. 


UNITS 


IN ARBITRARY 


OF CENTERS 


o 
ve 
a) 
= 
z 





80 100 120 140 160 180 200 220 240 °k 
ANNEALING TEMPERATURE 


Fic. 2. Concentrations of the four trapped-hole centers 
in approximately the same units, measured after 30 min 
annealing pulses at the given on the 
abscissa. Note that the logarithmic. 


The crystal was X-rayed at liquid nitrogen temperature. 


temperatures 


ordinate scale is 


The X-ray source was a General Electric SP-140 
tube with tungsten target, operated at 70 kV peak 
and 8mA. The sample-to-focus distance was 
7-5cm, and the total filtering corresponded to 
about 4 mm of aluminum, so that a fairly uniform 
coloration of the samples was acheived. 

It was found that the relative concentration of 
the four types of hole centres depends upon the 
batch of the LiF crystals and upon the irradiation 
time. The production of H-centers and V;-centers 
is particularly dependent upon the batch. For 
the H-centers this is somewhat surprising because 


in KCl and KBr their production appears to be an 
intrinsic process which does not depend signific- 
antly upon the purity.-9% 

Fig. 2 summarizes the results obtained in a 
typical run. 

The most abundant paramagnetic hole center is 
initially (ie. after X-irradiation at 77°K) the 
self-trapped hole. The concentration of V;-centers 
and of H-centers is about twenty times smaller, 
and no Vp-centers could be detected. 

Between liquid nitrogen temperature and room 
temperature four temperature intervals were found 
in which annealing processes occur that affect the 
four paramagnetic hole centers. These annealing 
temperatures correspond to the temperatures at 
which other investigators observed thermolumin- 
escence, conductivity peaks and changes in the 
optical absorption.":?-3) Exact coincidence of the 
annealing temperatures cannot be expected because 
the other authors warmed-up their samples con- 
tinuously, whereas in the present investigation it 
was necessary to use annealing pulses. As these 
were of rather long duration (30 min), the ‘“‘an- 
nealing temperatures’ indicated by the steep 
portions of the curves in Fig. 2 are all somewhat 
lower than those obtained by continuous warming; 
however, the one-to-one correspondence seems 


to be unambiguous. 


(a) Processes occurring between 95°K and 110°K. 
The H-centers are the most unstable ones among 
the centers considered in this paper. They disappear 
within minutes if the temperature approaches 
105°K. The decay of the H-centers is connected 
with a relatively small drop in the number of self- 
trapped holes. The drop corresponds roughly to 
the number of H-centers that have disappeared. 
This might suggest that the H-center decays by 
emitting an electron, and thus transforms into a 
Fo molecule. The electron in turn annihilates a 
self-trapped hole. The observed conductivity 
peak) is possibly due to this charge transfer and 
the thermoluminescence 2) to the electron-hole 
recombination. A decrease in volume of the crystal 
begins in this temperature range upon warming.) 
However, the “thermal resolving power” of the 
volume measurements is apparently insufficient to 
separate the decay of the H-centers from the pro- 
cesses that occur in the next annealing stage and 
dominate the volume change. 
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(b) Processes occurring between 110°K and 130°K. 
If one disregards the drop of the number of self- 
trapped holes, which is associated with the decay 
of the H-centers, one finds that the number begins 
to decrease noticeably at about 110°K, and, with 
the temperature approaching 130°K, these defects 
disappear within minutes or even seconds. A pre- 
liminary investigation of the kinetics of the 
destruction of the self-trapped holes seems to 
indicate the following facts: 

(1) The kinetics is predominantly second order. 

(2) It is controlled by the diffusion of the self- 

trapped holes themselves, which jump ther- 
mally activated from fluoride pair to fluoride 
pair. 

(3) The diffusion coefficient D of the holes can 

be approximated by 


D = DyeAlkT 


with Do of the order of magnitude 0-1 cm?sec™! 
and A = 0:32 eV. 
The decay of the self-trapped holes is intimately 


connected with an increase in the number of 


V;-centers and the formation of Vp-centers. This 
indicates that some of the migrating holes become 
trapped at vacancy aggregates and at Li vacancies. 
However, these two processes account for only 
about 10 per cent of the vanishing self-trapped 
holes. An even smaller fraction becomes trapped 
at more complex imperfections, which leads to 
the appearance of weak and very complex para- 
magnetic resonance spectra. No attempt was made 
to interpret these. The majority of the migrating 
holes seem to end up in non-paramagnetic states. 
Probably they recombine with electrons. Intense 
thermoluminescence"?) and a decrease of the 
optical absorption band attributed to F-centers 
(2425 A) have been observed.) The largest change 
in the optical absorption is the decrease of the 
3400 A band which is attributed to the self-trapped 
holes. Although according to the paramagnetic 
resonance experiments all self-trapped holes 
disappear at this annealing stage a small fraction 
of the 3400 A band remains. This remainder is 
probably due to the newly created Vp-centers 
which are expected to have an optical absorption 
almost coincident with the 3400 A band. 

The decrease of the crystal volume observed by 


WIEGAND and SMOLUCHOWSKI®) seems to be 
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connected with the processes described here. At 
least part of the contraction may be due to the 
trapping of holes at negatively charged lattice 
defects such as vacancy aggregates and Li 
vacancies. 

(c) Processes occurring between 175°K and 185°K. 
In this temperature interval the V;-centers 
disappear and the concentration of V,-centers 
drops somewhat. Thermoluminescence(:2) and a 
conductivity peak®) have been observed. It is 
conceivable that the V;-centers as such are un- 
stable at these temperatures and release the holes, 
which then recombine with trapped electrons or 
transform F, molecule ions of Vp-centers ito 
Fz molecules. However, more complicated pro- 
cesses involving the diffusion of other types of 
defects cannot be excluded. 

(d) Processes occurring between 220° K and 240°K. 
The Vp-centers anneal out in this temperature 
interval. It is interesting to note that the Vp-center 
is more stable than the V;-center, although in both 
centers the hole is supposed to be bound to a 
lattice defect with a single negative charge (see 
Fig. 1). The electronic structures of the two 
centers are, however, very different. In the 
Vpr-center the hole is in an antibonding oy, orbital 
of a diatomic molecule-ion, whereas in the V;- 
center it is in a less stable 7-like state. 

A thermoluminescence peak":?) and a con- 
ductivity peak®) were observed at about 250°K 
upon continuous warming at a rate of several 
degrees per minute. Presumably these peaks are 
connected with the decay of the Vp-centers, and 
the small discrepancy in the temperature scale is 
due to the different annealing methods. 


2. Crystals X-rayed at 20°K 

If the LiF crystal is X-rayed at liquid hydrogen 
temperature instead of at liquid nitrogen tempera- 
ture the relative abundance of the four trapped 
hole centers is different. The 
trapped hole is still the most abundant center; 
however, the number of V;-centers is much smaller 
than in crystals X-rayed at liquid nitrogen tem- 
perature. The H-centers and the self-trapped 
out as described before. 


somewhat self- 


holes seem to anneal 
The number of V;-centers increases and Vp-centers 
are formed during the decay of the self-trapped 
hole centers. 

Important new paramagnetic centers were not 





92 WERNER KANZIG 


detected in crystals X-rayed at liquid hydrogen 


temperat ure. 


3. Crystals X-rayed at 195 K 

Among the four trapped-hole centers discussed 
in this paper it is only the Vp-center which “sur- 
vives” a warming up to dry ice temperature 
(195°K). The other centers anneal out at lower 
temperatures, probably because of their own 
thermal instability. Therefore, after X-irradiation 


at 195 K one expects no H-centers, V;-centers or 


self-trapped holes to be present in the crystal. 


This is in agreement with the experiment. How- 
ever, one might expect to find V-centers, but 
found. Instead, the paramagnetic 


none were 


resonance spectrum of a new rather complex 
V-center was detected. An analysis of the very 
complicated spectrum was not attempted. These 
results indicate that isolated Li vacancies are either 


not formed by X-rays at 195K or they are unstable 


at this temperature. If such vacancies were 


present they would trap holes, which are known 


to migrate at this temperature. 
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The domain phenomena which give rise to ferroelectric Barkhausen pulses in BaTiO 
I I 


Abstract 
have been investigated from an experimental approach. Through direct observation of the domain 
structure, and simultaneously the Barkhausen pulses, specific domain phenomena have been 
correlated for the first time with particular Barkhausen pulse shapes. 


Among these are: the nucleation of a re- 


It is found that Barkhausen 
pulses occur under a variety of different circumstances. 
versed domain, the initial growth step of a small reversed domain, the collision of two reversed 
domains, and the formation of a small backswitched domain which produces a negative Barkhausen 
pulse. With the average crystal, each of these origins is operative at some point during polarization 
reversal. It has also been observed with some crystals that Barkhausen pulses continue to occur for 
times of the order of hours in the absence of an applied field. The duration of the Barkhausen events 
range from 2 usec to about 300 usec and the charge involved during the event is of the order of 
10 13 


which may be responsible for the pulses are suggested. 


C. The theoretical aspects of the problem have not been treated, but several driving forces 


INTRODUCTION 

WHEN THE direction of the spontaneous polariza- 
tion in Ba’T103 is reversed by the application of 
electric fields which range from several hundred 
volts per centimeter to several thousand volts per 
centimeter, small individual current pulses can 
be observed. This paper, which is experimental 
in nature, is concerned with the origin of those 
pulses which are in some manner related to changes 
in the ferroelectric domain configuration. In keep- 
ing with the ferromagnetic analogue, these pulses 
are termed .?) Barkhausen pulses. Those pulses 
which arise from instantaneous increases in the 
volume conductivity and from surface effects) 
have not been observed in these experiments; 
and since they are presumably different in origin 
from the pulses which arise from changes in the 
domain configuration, they will not be considered 
here. 

KIBBLEWHITE®), who was the first 
attempt a comprehensive study of Barkhausen 


one to 


pulses in BaTiOg3, suggested that some of the 
observed Barkhausen pulses might be associated 
with irregular changes of the ferroelectric domain 
configuration in a manner similar to the ferro- 
magnetic analogue. Magnetic Barkhausen pulses 


have been shown™) to arise from irregularities 
in the motion of a magnetic domain wall. 

In more recent work, CHYNOWETH":®) des- 
cribed a very extensive experimental study of the 
Jarkhausen 


observed during polarization reversal in BaTiO. 


electrical characteristics of pulses 
CHYNOWETH concluded that the Barkhausen pulse 
could result from the initial rapid growth, im- 
mediately after nucleation, of a spike shaped 
domain. Arguments were presented to demon- 
strate that this model could account for many of 
the measured properties of the pulses. 

In the course of a study of polarization reversal 
in BaTiOg samples which had aqueous LiCl 
electrodes, the first origin for Barkhausen pulses 
directly correlated with a specific domain pheno- 
menon was found. In many cases few, but large 
domains, were observed with the liquid electroded 
specimens. Simultaneous observations of the 
switching current 7s « dp/dt and the time of occur- 
rence of Barkhausen pulses showed that 7; was 
quite irregular, and that sharp decreases in 7s were 
usually accompanied by one or more Barkhausen 
pulses. (Note that Barkhausen pulses are in general 
too small and too fast to appear superimposed on 
the observed i;.) These observations then led to 
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the conclusions that one origin for Barkhausen 
pulses is the rapid polarization reversal of the small 
volume formed when two growing domains are 
about to coalesce. 

At the time of the investigation mentioned 
above, it was also noted that Barkhausen pulses 
sometimes occurred when it was thought that 
‘collisions”’ or nucleations. 


‘ 


there were no domain 
In particular, Barkhausen pulses were observed 
when there was a single growing domain.) Thus, 
it appeared that there was more than one origin 
for Barkhausen pulses. An important limitation 
encountered in the research just described was 
the method of observing the antiparallel domain 


configuration—the etch technique. With this 
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method, the sample is etched in certain acids and 
then examined with a microscope by reflected or 
transmitted light. This technique suffers from 
several disadvantages; e.g. the 
be removed from the sample, the BaT103 surface 


electrodes must 
is obviously altered by the etch and, most im- 
portant, it does not permit a continuous viewing 
of the 
reversal. Through recent advances in experimental 


domain structure during polarization 
techniques,!) an improved method for observing 
the domain pattern has been found. Using this 
method, we have been able to investigate the 
origin of ferroelectric Barkhausen pulses in BaTiO3 
under much better experimental conditions than 
was heretofore possible. The results of these 
experiments are described in this paper. It turns 
out that the Barkhausen effect in BaTiOg is much 
more complex than had generally been considered. 
Much of the data to be described will be left 
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unexplained from a theoretical standpoint; in fact, 
the data probably raise more theoretical problems 
than they solve. However, it is felt that the various 
origins for Barkhausen pulses, and their implica- 
tions, are of sufficient interest and novel in charac- 
ter to warrant presenting them at this stage of 
the research. 


THE METHOD 
The ideal experiment for this investigation is one 
in which the antiparallel domain pattern, the time 
of occurrence of Barkhausen pulses and the pulse 
shapes are all observed simultaneously during 
polarization reversal. Fortunately, with the in- 
troduction of new experimental techniques, this 
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the electrical characteristics of the Barkhausen pulses. 


is possible. It has been found that the anti- 
parallel domain configuration can be discerned 
directly and continuously during polarization 
reversal.{1) The method is to mount the BaTiOg 
sample between crossed polaroids and view 
through a microscope with transmitted light. 
The sample must, of course, have transparent or 
semi-transparent electrodes. Semi-transparent 
metal electrodes were usually noble metal films, 
several hundred angstroms thick, on opposite sides 
of the sample. In transparent 


liquid electrodes which consist of a saturated 


some cases, 
aqueous solution of LiCl have been employed. 

A block diagram of the circuitry used to make 
the electrical measurements is shown in Fig. 1 
The circuitry has been described in detail else- 
where.” so that only a brief description of 
certain aspects of it will be mentioned here. The 
output of the linear amplifier is fed into a C.R.O. 
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which is triggered by the Barkhausen pulse and 
which has a sufficiently fast sweep so that the pulse 
shape is traced out on the screen. The C.R.O. is 
equipped with a camera so that the pulses can 
be recorded. The pulses shown in this paper are 
reproductions of the photographed oscilloscope 
traces. 

Ideally, the pulses represent plots of charge 
switched, i.e. the volume of material in which the 
polarization is reversed during the Barkhausen 
event, vs. time. In actual fact, these pulses are 
clipped somewhat by the associated circuitry so 
that they appear to drop off in amplitude near the 
end of the Barkhausen event. The duration of the 
Barkhausen event, called the ‘‘rise time’’ will be 
loosely defined as the time required for the pulse 
amplitude to attain its maximum value. This rise 
time will, of course, be a little less than the actual 
time duration of the Barkhausen event because 
of the clipping. The magnitude of the effects of 
clipping on the pulses has been discussed by 
CHYNOWETH®) and will be illustrated when the 


pulse shapes are described. 

The amplitudes of the pulses are converted into 
units of charge through a straightforward cali- 
bration operation described by CHYNOWETH®), 


The direction of the polarization in the sample 
is generally cycled plus and minus automatically 
and the measurements are normally made with a 
step voltage adjusted such that the polarization 
reverses in times of the order of minutes. 

The BaTiO 3 c-domain samples were obtained 
from selected “butterfly wings’ and prepared 
as described in an earlier paper.‘ 


RESULTS 

It is convenient to divide the observed pulses 
into two broad groups, positive pulses and negative 
pulses. Positive pulses occur when the Barkhausen 
events involve spontaneous polarization changes 
into the direction of the applied field. On the other 
hand, spontaneous polarization changes into a 
direction opposite to that of the applied field give 
rise to negative Barkhasuen pulses. Pulses of both 
signs have also been observed in other investiga- 
tions{1.2-J2) of Barkhausen pulses in BaTiO. 

The varied circumstances under which the 
positive pulses are observed will be described first. 

(a) Nucleation pulses. It is noted that the 
formation of a small domain in the presence of an 
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applied field is frequently accompanied by a 
positive pulse. Through the microscope, with 
crossed polaroids these domains appear as dots, 
on or near the surface of the crystal, with lateral 
dimensions of the order of 1. These small domains 
do not usually continue to grow immediately after 

















50 SEC _ 

Fic. 2. Barkhausen pulse observed with the nucleation of 

a domain. The pulse is a plot of charge switched vs. time. 
The pulse amplitude is 2 x 10-14 C. 


the nucleation event; in fact, it may be minutes 
before they start to grow again. In many cases, 
the small domains do not grow at all beyond the 
initial stage, but instead are overrun by other 
expanding domains. Examination of these small 
domains by means of the etch technique’! 
indicates that they extend all the way through the 
thickness direction of the crystal, and that they 
are circular in cross section. A reproduction of 
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Fic. 3. Barkhausen pulse observed when a small nu- 
cleated domain begins to grow after a period of no 
visible growth. This pulse amplitude is 4*10~!4C. 


a nucleation pulse which appeared with an 
applied field of about 450 V/cm is shown in Fig. 2. 
This rise time is about 5 usec and the charge 
switched during the event is 2x 10-4 C. 

(b) Growth pulses. When one of the small 
domains mentioned above starts to grow beyond 
the initial stage, a single positive Barkhausen 
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pulse, termed a growth pulse, is frequently ob- 
served. One of these pulses observed with a field 
of 700 V/cm is shown in Fig. 3. The rise time is 
about 100 usec and the amplitude 4x 10-14C. 
Most of these pulses are characterized by the 
long linear rise exhibited by the one shown in the 
figure. 

The effect of clipping on the pulse shape is 
clearly evident in Fig. 3. The magnitude of this 
Fig. 4 which shows the 


effect is illustrated in 
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4. Illustration of the effect of clipping on square 


forms. In each case the input signal is a minus 


pulse and the output signal a positive pulse 
output pulse observed when a good square pulse 
is applied at the input. The input and output 
pulses are shown as negative and positive pulses, 
respectively. 

(c) Nucleation plus growth pulses. When the 
nucleation and growth events described above are 
spaced sufficiently close in time, a single pulse 
with some structure can be observed. These pulses, 
with the present definition of rise time, can of 
course have very long rise tim« s. The nucleation 
plus growth pulse shown in Fig. 5 occurred with a 
field of 700 V/cm 
200 sec and an amplitude of 4x 10-4 C. 

(d) Collision pulses. The pulses which occur 


and has a rise time of about 


when two domains come together can have a 
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Fic. 5. Barkhausen pulse observed when the nucleation 
and subsequent growth events take place at almost the 
same time. The pulse amplitude is 4 « 10-14 C. 
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Fic. 6. Three types of Barkhausen pulses which are 
observed when two domains coalesce. The pulse in (a) 


growing domain overran a small 
nucleated domain. In (b), a pulse which occurred when 
two {100} small area 180 
shown. The pulse in (c) was observed when two large 
area {110} 180° domain walls collided. The amplitudes 
of the pulses in (a), (b), and (c) are 4 x 10 14C,3x10-4C 


10-12 C, respectively. 


occurred when a 


domain walls coalesced is 


and 2 








Fic. 7. Photomicrograph showing a portion of the 
domain configuration of a sample which exhibited 
positive Barkhausen pulses with no applied field. 


The lighter areas are the reversed domains. ‘The 


sample has been etched in acid to make the domain 


structure visible. 





a partially reversed, acid etched, BaTiO 


are the reversed domains. ‘The photomicrograph 


{ to bring out the narrow unswitched region between 


revel sed domains 
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variety of shapes and sizes depending on the exact 
nature of the collision. Three of these pulses are 
shown in Fig. 6. The first pulse, Fig. 6(a), was 
observed with a field of 350 V/cm when a growing 
domain overran a small nucleated domain of the 
type described in (a). The rise time is 50 psec 
and the pulse amplitude 4x 10-4C. Fig. 6(b) 
shows a pulse observed when two domains came 
together such that two small-area {100} 180 
domain walls‘’:8) coalesced. This pulse, observed 
with a field of about 700 V/cm, has a rise time of 
50 usec and an amplitude of 3x 10-14C. Finally, 
in Fig. (6c), a Barkhausen pulse is shown which 
occurred with a field of 330 V/cm when two large 
area (each about 10-2 cm long) {110} 180° domain 
walls coalesced. This latter origin of collision 
pulses can give rise to pulses whose shapes vary 
from the corner collision type, Fig. 6(b), for small 
area {110} wall collisions, to the more complicated 
variety shown in Fig. 6(c) for large area {110} 
wall collisions. The pulse in Fig. 6(c) is a very 
large one, 2x10-!*C, and has three distinct 
humps. Pulses with double humps have also been 
observed when two domains coalesce. 

(e) Other positive pulses. The positive pulses 
described up to this point have been correlated with 
particular domain phenomena through studies of 
crystals which reversed polarization with relatively 
few domains. Under these conditions, which are 
the usual ones, the domains attain sufficient size 
so that their history is not difficult to follow. In 
some cases, however, it.is not possible to distin- 
guish individual domains. All the evidence in- 
dicates that under these conditions, polarization 
reversal takes place with many small domains 
and likewise, with many Barkhausen pulses. Of 
the crystals which behaved in the above manner, 
a few of these were also found to exhibit positive 
Barkhausen pulses even with no voltage applied 
to the specimen. To observe pulses under these 
circumstances, the sample is partially reversed 
(perhaps about # of the total volume) with a field 
of several thousand volts per centimeter. ‘Then 
the field is removed and it is found that pulses of 
the same sign continue to occur, sometimes even 
for hours after the removal of the field. These 
pulses do not all have the same shape. However, 
most of them are similar to those shown in Fig. 
6(b) and a few similar to those given in Figs. 3 and 
5. Examination of the domain configuration using 


7 


OF BARKHAUSEN PULSES IN BaTiOs3 97 


the etch technique revealed that at the time the 
pulses appeared with zero applied field, there 
were many small domains. A photomicrograph 
of a portion of this pattern as seen on one side of 
the sample is shown in Fig. 7. The other side of 
the sample reflected the pattern shown in Fig. 7, 
but in addition parts of the interstices between 
the reversed domains contained small domains 
which did not extend all the way through the 
thickness of the crystal. It seems clear from these 
data that for positive Barkhausen pulses (that is, 
positive pulses with respect to the last field 
applied) to occur with zero field, one requires 
small domains very close together. 

It has also been observed that positive pulses 
occur with the motion of rough, irregular walls. 
These pulses have many of the characteristics of 
the collision pulses and are believed to have in 
effect the same origin as the collision pulses. 
The visual data on this type of pulse are rather 
meager, but it appears that part of the advancing 
wall is temporarily pinned at a certain point. Then, 
as the remainder of the wall continues to advance, 
one finally arrives at a situation where the wall 
wraps around the pinned point and then, in 
effect, a collision takes place. The pinning points 
cannot usually be identified with crystalline im- 
perfections. There is some preliminary evidence 
which indicates that the presence of rough walls 
during polarization reversal can be influenced by 
the electroding operation. Rough walls are seldom 
observed with liquid electroded crystals. 

The negative Barkhausen events. It has been 
observed on occasion that a small region of the 
crystal behind an advancing domain wall will 
suddenly reverse its polarization in a direction 
opposite to that of the applied field and hence 
give rise to a negative Barkhausen pulse and a 
“‘backswitched”’ domain. Fig. 8 shows a negative 
Barkhausen pulse which was observed with a field 
of plus 450 V/cm applied to the sample. ‘This 
same particular pulse was photographed a number 
of times and the pulse shape was found to be very 
reproducible. The pulse has a rise time of 50 usec 
and an amplitude of 10-18 C. The negative pulses 
frequently have rise times which are somewhat 
shorter than 50 psec. 

In some cases, negative Barkhausen pulses 
occur with zero field after a crystal has been 
partially or completely switched. ‘These pulses 
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which are about 10-13 in amplitude, can have 
verv short rise times, i.e. several micro seconds. 


The pulses which arise under these circumstances 
have the shortest rise times of all those observed. 








— 


Fic. 8. Negative Barkhausen pulse observed with a field 
of plus 450 V/cm applied to the sample. The pulse 
amplitude represents a charge of 1071° C. 


DISCUSSION 

It is not easy to compare in any detail the present 
results with those of earlier investigations; how- 
ever, it is believed that all the pulse shapes des- 
cribed in the earlier studies have also been ob- 
served in the course of the present experiments. 
These pulses include the double and triple hump 
pulses, the relatively short rise time negative 
normal”’ positive pulses. 1.25.12) A 


“<< 


pulses and the 
close comparison between the present data and 
those of Ki1nBLEWHITE®) does not seem warranted 
since it is known that his crystals contained some 
domains polarized in a direction perpendicular 
to the field, 1.e. The presence of 


a-domains complicates the interpretation of the 


a-domains. 


results as electromechanical effects may become 
important under these conditions. 

In view of the quantitative aspects of the ex- 
tensive data collected by CHYNOWETH®), it should 
prove fruitful if these older data could be identified 
with a particular domain phenomenon. With this 
goal in mind, a sample was obtained from 
CHYNOWETH and the domain dynamics of polariza- 
tion reversal for the specimen was _ studied. 
Electrically, that is Barkhausen-wise, this sample 
behaved in a similar manner to the other samples 
studied by CHYNOWETH"®*), Direct examination 
of the domain pattern indicated that this specimen 
was similar to many others studied during this 
investigation. In particular, a number of the origins 
for positive pulses described earlier must have 
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been operative during polarization reversal. On the 
basis of these and other data,“%) it is concluded 
that the data obtained by CHYNOWETH cannot be 
ascribed to a single type of domain phenomenon. 
We now believe the positive pulses observed by 
CHYNOWETH were largely made up of growth 
pulses (Fig. 3) and collision pulses (Figs. 6(a) 
and 6(b)) along with lesser numbers of nucleation 
pulses (Fig. 2) and nucleation plus growth pulses 
(Fig. 5). 

What can be said about the details of the domain 
phenomena and the driving forces which give rise 
to these pulses? Additional data described below 
shed some light on this question insofar as collision 
pulses are concerned. With several crystals whose 
domains were particularly easy to see directly, it 
has been noted that when two 180° domain walls 
are sufficiently close, there appears to be a re- 
pulsion between them. This repulsion results in 
the formation of a very narrow metastable region 
which then suddenly disappears coincidently with 
the generation of a positive Barkhausen pulse. 
The photomicrograph reproduced in Fig. 9 shows 
a portion of the domain configuration of an etched 
partially, reversed, crystal. A narrow region, 
~ 1p wide, between two domains is evident at two 
places in the figure. Frequently these narrow 
regions follow tortuous paths that strongly suggest 
that the walls repel each other. It is believed that 
the positive pulses which occur with zero applied 
field result from the collapse of these narrow 
regions between domains. The photomicrograph 
shown in Fig. 7 demonstrates that such narrow 
regions do exist under the conditions where pulses 
are observed with zero field. In addition, these 
positive pulses possess shapes which are very 
similar to those observed when smali domains 
coalesce. 

The origin of a repulsive force between 180 
domain walls is not known, however, there are two 
obvious possibilities which will be mentioned. 
There is considerable evidence‘’:!4—16 that the 
180° walls are not always in the plane of the ferro- 
electric axis which, if true under the present 
conditions, would mean that the walls possess a 
net surface charge density and hence approaching 
walls could repel each other. Examination of both 
sides of etched crystals as well as direct observa- 
tion of the domains do not indicate any slant with 
respect to the ferroelectric axis for walls similar 
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to those shown in Fig. 9. Estimates based on the 
more accurate of these two methods, the etch 
technique, give an upper limit of 0-3° for the 
slant angle. It is, of course, assumed in making 
the above estimates that the walls do not stabilize 
during the various operations required by the 
method of observation. There is also the possi- 
bility that a narrow region between two 180 
domain walls does not reverse readily due to 
surface layer effects as described in two recent 
papers, 17,18) 

Consider the magnitude of the crystal volumes 
involved in the collision Barkhausen event. For 
two domains coming together along a_ side 
4x 10-4 cm long, a pulse of 2x 10-14 C was ob- 
served. The charge flowing in the external circuit 
to the electrodes when the spontaneous polariza- 
tion Ps is reversed in a volume v is given by“) 
O = 2P;v/d where d is the crystal thickness. If 
it is assumed that the volume v has a uniform 
cross section A and that it extends through the 
thickness direction of crystal, then Q = 2P;A so 
with O = 2x 10-14C and P,; = 2:6 x 10-5 C/cm?, 
the area A becomes 4x 10-19 cm?. From the size 
of the two domains involved, the upper limit of 
the dimension along the walls is 4x 10-4 cm, so 
that the minimum average width of the area is 
100 A. With a uniform separation of 100 A, it is 
difficult to conceive of a driving force responsible 
for the pulse. Therefore, it seems unlikely that 
the Barkhausen event starts with a uniform 100 A 
separation of the two domain walls. In qualitative 
terms, it is believed that the collision type Bark- 
hausen event begins when the two walls coalesce 
at some point after which surface tension effects 
due to the wall energy, and perhaps aiding electric 
fields from charges on slanted walls, come into 
play and give rise to a high local dp/dt—hence a 
positive pulse. There are not sufficient data avail- 
able to construct a single detailed quantitative 
model for this process. Since these and other 
relevant data are in principle obtainable with the 
present state of the art, it would seem advisable 
to defer a discussion of the several possible models, 
until these data are available. 

The nucleation and growth pulses indicate that 
the nucleation and growth of domains in BaTiOg 
comprises a two-step process. It is found that a 
given nucleation site may serve as a nucleation 
center for a given polarity on many successive 
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reversals. Some of these centers can be identified 
with visible crystalline or electrode imperfections; 
however, other reproducible centers have not been 
correlated with any abnormalities of the electroded 
specimen. In any case, these results show that the 
nucleation sites are not spatially distributed in a 
random manner throughout the crystal, but that 
they are most likely connected with crystalline 
or electrode imperfections, some of which are 
not observable. 

Once the initial stage of growth is over, the 
observations that many of the domains 
either cease growing or continue to grow at a 
greatly reduced rate. ‘This phenomenon is difficult 
to explain if the nucleus extends all the way 
through the thickness of the crystal as is indicated 
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by the observations of etched crystals. Likewise, 
it is difficult to explain why a pulse should occur 
when the small nucleated domains begin to grow 
at a normal rate after the period of no visible 
growth. The two-step process would be more 
plausible if the nucleated domains were, for 
example, spikes which did not extend all the 
way through the crystal. For in this case, if the 
shape and size of the nucleus were such that the 
depolarizing field was approximately cancelled by 
the applied field, then growth would slow down 
and possibly even cease. However, in time, the 
polarization charges on the slanted 180° walls 
of the spike could become partly neutralized and 
permit further growth which might become more 
rapid (due to reduced depolarizing fields) as the 
nucleus approached the opposite electrode. This 
model seems to be ruled out by the etch studies. 
However, it may be that the etch technique does 
not give an accurate reproduction of the dynamic 
domain configuration on the scale of these small 
domains. In any event, the details of the domain 


dynamics which give rise to the nucleation and 


growth pulses remain unknown. 

Perhaps the most difficult pulses to explain are 
the negative pulses. In some cases, they occur at 
reproducible sites for many reversals, after which 
the sites may become inoperative. ‘The number of 
Barkhausen is usually 
orders of magnitude less than the number of 


negative pulses which 
positive pulses, has been observed to increase with 
increasing positive field. Also, the small back- 
switched domains which arise coincidently with 
a negative pulse can usually be removed by a 
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sufficiently long application of the positive field. 
There is no tendency for the backswitched domains 
to cluster, in fact, they sometimes appear to repel 
each other. These data suggest that opposing fields 
due to surface layers“?-18) coupled with imper- 
fections of some sort may be important factors in 
causing the negative pulses. 

It has been proposed@9-2)) that the 180° domain 
3aT103 moves through a nucleation or 
step that expect to 


observe pulses during the motion of a smooth 


wall in 


mechanism so one might 


However, experiment shows that no 


180° wall. 
pulses are present under these conditions. Esti- 


mates of the volumes and charges consistent with 
these models for the wall motion are many orders 
of magnitude smaller than the minimum detect- 
able (5x10-1°C) with the apparatus. 
Therefore, the absence of pulses during the motion 
of a smooth wall does not rule out the proposed 
180° domain 


present 


models for the sidewise motion of 
walls in BaTi0O3. 
SUMMARY 

An investigation of the domain phenomena 
responsible for Barkhausen pulses in Ba'Ti03 has 
shown that these pulses arise under a number of 
different circumstances. Those pulses whose origin 
is related to the initial growth of domains indicate 
that the nucleation and growth of domains is a 
two step the nucleation 


sites are not randomly distributed over the crystal 


process. Furthermore, 
as has been proposed by other investigators. The 
characteristics of the pulses which occur when two 
growing domains coalesce depend on the exact 
nature of the two colliding walls. It is believed 
that surface tension effects arising from the do- 
main wall energy, and perhaps enhancing electric 
fields due to slanted domain walls, may be the 
driving forces responsible for the collision pulses. 
The pulses observed during the motion of rough, 
irregular walls, as well as those which occur 
with zero applied field, are believed to have 
origins similar to the collision pulses. When the 
spontaneous polarization in a small region of the 
crystal suddenly lines up anti-parallel to the field, 
a negative Barkhausen pulse is observed. The sites 
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at which this phenomenon occurs are also not 
randomly distributed through the crystal. 

In most cases, it is possible to predict the domain 
phenomenon giving rise to a particular pulse from 
an examination of the pulse shape. Therefore, 
information on the domain dynamics of polariza- 
tion reversal of a crystal can be obtained from a 
study of its Barkhausen pulse characteristics. Now 
that the origins of the various pulses have been 
correlated with specific domain phenomena, it 
should prove fruitful to carry on further research 
aimed at explaining the shapes of the pulses. 
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Abstract—The effect of chemical composition on tetragonal—cubic spinel transformations in the 
systems Mn304—-MgAl2O4 and MgMn2O04-MgAl2Oxz has been studied by X-ray diffraction. The unit 
cell dimensions of the various compounds have been determined at room temperature. The c’ and a’ 
values do not change linearly with composition but show an abrupt change at a critical composition, 
beyond which c’ = a’, and the systems have the cubic spinel structure. The cation distribution has 
been worked outfrom an analysis of the X-ray diffraction intensities, and thus a correlation between the 
actual number of distorting Mn** ions at the octahedral sites, and the degree of distortion, has been 


obtained. The critical number of Mn? 


ions required at these sites to maintain the tetragonal spinel 


structure at room temperature has been accurately determined. 


INTRODUCTION 

A NUMBER of substances are now known which 
possess the tetragonal spinel structure isomorphous 
with hausmannite (MngQy4).“) The tetragonal dis- 
tortion from the ideal cubic spinel structure is 
attributed to the presence of certain cations, such 
as Mn®+ or Cu?+t, which, when located at the 
octahedral sites, tend to form dsp? square coplanar 
bonds.) Another plausible explanation based on 
crystal field theory has recently been put forward.) 

The effect of the removal of these distorting 
cations on crystal distortion has been studied by 
FINCH, SINHA and SINHA), They replaced these 
cations with non-distorting ones through the 
formation of solid solutions of tetragonal (MngOj4) 
and cubic (AFe2Qx) spinels. The conclusions were 
drawn on the assumption that in the solid solutions 
all the Mn** ions occupied the octahedral sites as 
they did in the parent MngO4. This assumption is 
made plausible by the theoretical preference of 
Mn*+ ions for the octahedral sites.) It was not 
possible to confirm this by the X-ray diffraction 
method because in the systems MngQ4-AFeo0,4 
most of the cations have nearly equal scattering 
powers for X-rays. 

* Contribution No. 407 from the National Chemical 
Laboratory, Poona. 


Recently WicKHAM and CrorT®) studied the 


systems 
ZnzGe—7Mn2O0q4, ZnzGe—7,Co2-27,Mne,O04, 
Zn7Liy—-7zMneOy4. 


However, this study also suffers from the drawback 
of the assumption that in the solid solutions the 
cations maintain the same sites which they had 
in the parent compounds. Furthermore, in the 
system Co3_zMnzOq, the results are inconclusive, 
as suggested by these authors,®) because of the 
likely electron transfer between Mn** and Co** 
ions. 

Thus it was considered desirable to study 


systems where the cation distribution in solid 


solutions could be experimentaly determined and 
where any electron exchange between the cations 
was unlikely and thus the valency states could 
be checked chemically. The systems MngOg 
MgAloO4 and MgMnegOq-MgAleO, were, there- 
fore, studied by Irani), Here both the Mg?+ 
and the Al®+ ions can be distinguished from the 
Mn+ ions, because of the appreciable difference 
in their X-ray scattering factors. Furthermore, 
the change of valencies of Mg?+ and Al®+ ions 
is unlikely. 

In what follows the results obtained from solid 
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solution studies of the systems MngO4—MgAloO,4 
MegMneO.-MegAloO, are described, which 
indicate the Mn? 
required at the octahedral sites for maintaining 


and 
minimum number of ions 
long range order to produce observable bulk dis- 
tortion to the related lattice of lower symmetry. 
These results also reveal the co-operative nature 


of bulk distortion in tetragonal spinels. 


EXPERIMENTAL PROCEDURE 
Solid solutions of the spinels MngO4—-MgAloO, 
and MgMngO4—MgAleO, were prepared from mix- 
tures of the individual component spinels. The 
molar proportions of the components in the solid 
solution were varied over the whole range from 
100 per cent of one component to 100 per cent 


of the other. The mixtures were intimately ground 


in an agate mortar under alcohol and the dried 


mass was kept in a platinum crucible open to air 
and heated at 1200°C for several hours, in an 
electric furnace whose temperature could be con- 
trolled to ig Oe The samples were quenched to 
room temperature, powdered, and analysed by 
X-ray diffraction using a 14cm Debye Scherrer 
powder Mo Ky filtered 


through Zr. The photographs thus obtained were 


camera and radiation 


analysed to check that homogeneous solid solutions 


had been formed. 
Because the samples were heated at elevated 
temperatures, they can take up or lose oxygen to 


give a non-stoichiometric compound. This would 


Table 1. 


Composition 


Mns04-MgAleOx4 


16 
14 
12 
11 
10 

QY 


R 


‘I F al Cub 
Value 5 
ay 2: where c and a refet 


cell (space group D 


SINHA 


to the smaller crys 
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change the valency of manganese ions present. 
The average valency was therefore determined 
chemically by the standard oxalate-permanganate 
titration. This gave the average valency of man- 
ganese ions in excess over the divalent state. This 
was found to be always slightly higher than the 
nominal value. 

The axial parameters were determined to an 
accuracy of + 0-02 A. The intensities were esti- 
mated by comparison with intensity scale strips. 
The strongest reflexion was arbitrarily assigned 
the value of 100, and the others the corresponding 
comparative intensities. 

The intensities were calculated for the various 
possible reflexions, considering different possible 
structures in a given system using the formula 


> 1+ cos?20@ 
Feat I hkl* p° 


sin? + cos@ 


where the symbols have their usual significance. 
The correction for the opposing effects of absorp- 
thermal vibrations of the ions in the 


tion and 


lattice were not applied. 


RESULTS 
The system MngO4—-MgAleOq 
The 


compositions studied are given in 


dimensions for the various 
Table 1. 


The three tetragonal phases appear isomorphous 


unit cell 


Unit cell dimensions for MngQ04-MgAloOq systems 


COCO COMM MMC 
to wv « se 


face-centred tetragonal pseudo cell. ¢ ei 


tallographic unit 
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with hausmannite having the space group 
14, amd-D', and the remaining phases show 
cubic symmetry and are isomorphous’ with 
the spinel structure having the space group 
Fd3m—O?. The space group Dj? for the parent 
compound, hausmannite, has been well established 
on the basis of recent neutron diffraction experi- 
ments.(”) The possibility that the present tetragonal 
phases are isomorphous with copper chromite 
(space group D}?)®) and not hausmannite (D}?) 
is unlikely on the grounds that for the former, 
reflexions of the type hko with h+k=2n should be 
present whilst for the latter there is an additional 
limitation that both A and k should be 2n. The 
absence of the reflections 110, 310, 330 support 
the space group D}? for all the tetragonal phases 
under study. In the hausmannite structure the 
metal ions are distributed over the special positions 
4(a) and 8(d), and the oxygen ions occupy the 
16(h) sites (oxz etc.). Thus we have to determine 
(i) the distribution of the cations over the 4(a) 
and 8(d) sites, and (ii) the oxygen ion parameters 
x and z. The present X-ray diffraction data are not 
adequate to determine the oxygen ion parameters 
very accurately. It is, however, possible to deter- 
mine the cation distribution in these phases, which 
is required to correlate the distortion with the 
actual number of Mn** ions at the octahedral sites. 
The degree of distortion varies with Mn? ions 
up to the critical composition only, hence intensity 
calculations were made for the following composi- 


tions: 
MngO0q4:MgAleO,q = 14: 2, 12-6: 3-4 and 11:5. 


The analysed chemical composition is given in 
column 2 of Table 2. These compounds contain 
four types of cations viz. Mn?+, Mn**, Mg?* and 
Al8+, However, the Mn?+ and Mn** possess nearly 
identical X-ray scattering powers and may be 
treated as similar, and designated as “‘A’’. On the 
same considerations, the Mg?+ and Al** can be 
denoted together as “B’”’. The analysed chemical 
compositions reveal that these are metal deficit 
compounds and may contain vacant cation sites or 
interstitial oxygen ions. In a close packed structure 
of oxygen ions the second possibility is unlikely; 
the unit cell chemical formula for each composition 


can then be represented as shown in column 3 of 
represents vacant cation sites. 


Table 2 where 
The tetragonal unit cell formulae have been 


O4 systems 


9 


Table 2. Formulae for Mn304—-MgAl 


Unit cell formula 


Nominal 


composition 
Mns04—MgAloOx4 


Chemically analysed 


Cation distribution 


8 


Z 


composition 


Mn? 


9 


3 


9 


9 


»>Mn}...Mg 


Alp 25! M4 


0-12¢ 


0-8 


Mn 


IONS 


»Mn; 63) 


) 
0:7 


Mn’ 
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with the larger 


tetrahe- 


doubled for ease ol comparison 
Denoting 


dral sites occupied by 


cubic cells. the number of 
1 
| 


A ions per unit cell by “‘m 


and those occupied by Bionsas “n’’ (with m+n 


p) 


the cation distribution is given in column 4; the 


Oo 
+ 


ns at the octahedral sites hav 
] 


, by usual con- 
1 
iare brackets. 


reveals that 


been shown enc osed in Sq 
| 
reliminary intensity calculation 


ncentration of too 


the 


vacant catio sites are 


to affect X-ray 


as to enable the 


such a 
their 


intensities to 
determination of 


distribution. For example, Table 3 gives the values 


of calculated intensities of a few important re- 


flexions for 11:5 composition (which has the largest 
} 


‘ { 
YValUC Ui 


vacancies in this series). 


j { ¢ Sc ie ‘ 
as, therefore, decided to neglect the existence 


tal 


| to attempt the determination of m 


as the X-ray intensities were 


Table 
VingOq : MgAleO, 


s—p[Ag.2,Bia-a 


Ol ly. ‘The scatterir g tactors for the cations at the 
two types of sites were calculated by taking the 
average ol ] 
to the cation distribution being considered, where 
and 2fu and JB that 


attering powers of in- 


; and fz in the proportion appropriate 


iverage OI Jy 
1 9 
and Z/JA ~_ 


taken from the International 


were 


intensities were then calculated as 


indicated before. 


+ 


¢ tragonal 


004, 220 were 


as observed To! the rst 
3 


12, 


1 
thus these 


2, 200, 


variations in m and 


the 


ive to 


ones determining distribution 


thes¢ 


useful for 
reflexions are 


to changes in the 


cations. Furthermore, 


latively insensitive oxygen ion 
parameters so that to st be 
arbitrarily fixed at the ideal value of « ():250 


art with these can 
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Intensities of a few reflexions for 
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and z=0-375 without appreciable loss of 


determination of the cation 


The the 


flexions were calculated for different values of m 


" 
accuracy in the 


distribution. intensities of above re- 
at intervals of one. 

Having established an approximate cation dis- 
tribution on the basis of these few reflexion ratios, 
the theoretical intensities were calculated for all 
the space group permissible reflexions down to 
1-25 A for the above value of m( = 8) with various 
values of x and z (with x varying from 0-200 to 
0-250 and z from 0-375 to 0-400). The agreement 
between the observed and calculated intensities 
were checked with the aid of the disagreement 
index 


(Jea1) 


I 


\ (Lops) 
ba V (Lops)| 


the 
11:5 with (m = 7) 


system 


p 
All vacancies at Vacancies 


tetrahedral sites neglected 


0-210 and z 
lowest value of R. Now all the intensities were 


The values of x 0-395 give the 
calculated using these x and z values for different 
values of m and it was found that m = 8 still gave 
the lowest value of R. The calculated intensities 
for this model together with the observed values 
for the various phases are given in ‘Table 4. 

The R value is reasonably low and although too 
much reliance cannot be placed on this because of a 
small number of reflexions taken, the general 
agreement is good and it is possible that the neglect 
of temperature and absorption correction factors 
does not involve an appreciable error. 

Thus the actual formula becomes Ag[A13B3]Og2. 
Out of the 21 A ions 14 are Mn? 
mainder are Mn? 
the 


while the re- 
ions. The distribution of these 


ions over tetrahedral and octahedral sites 
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Table 4. Reflexion intensities for 
MgAlsO4 _ 14:2 AmBs_m[A21_-mBm 
m = 8. Oxygen parameters x = 0-210 


R 


Seng 
a 


hkl 


101 
112 
200 
103 
211 
202 
004 
220 


oo wu 


Ce ouwuUM UU 


could be deduced by making use of their site 
preference properties. The Mn? ions are con- 
considered to possess a strong affinity for the 
octahedral sites.@-3-19-11) On the other hand, Mn2 
ions with d® configuration have no such preference 
for these sites. Thus it is to be concluded that all 
the 13 A ions at the octehadral sites are Mn? 
No ambiguity 
Mg?+ and Al? 
occupy the octahedr: al sites. 


formula is Mn; Mn? [Mn‘* 


chemical composition 2 


ions. 
arises regarding the location of 
as it is seen that they all 
ape the unit cell 
aMg” A , 105 ,. If the 
analysed taken 
account, and the extreme case of all vacancies at the 
sites is taken, the modi fied formula 
becomes Mn, «Mn, [Mn*; o-lo Mg” Ale *]0. 


The uncertz sinty het ihenecineed is less than the 


ions, 


into 


octahedral 


accuracy attempted (m has been determined at the 
intervals of 1 only). 
For the second phase the agreement between 
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IONS 105 


the observed and calculated intensities is again 
best for the value of m = 8, with x = 0-210 and 
z = 0-395 (Table 5). Proceeding as above we 
may now write the unit cell formula for this phase 
as Mn; ~Mn° [Mn* oMg- -AlS" 

Table 5. Reflexion 
MgAloOq = 12-6:3-4 
Mm = 5S. 


intensities for MnMneQ,: 
4 ImBs m[A18.9 mBm 2.9]¢ )39 


with Oxygen parameters x = 0-210 


z = 0-395 


= td 
WW) C 


“IU 


Ww 


4 
1 . 
1 


uUunNnoOMuUn 


| Oe al 


phase, the oxygen ion 


fixed at 0:375 


For the third (cubic) 
parameter u was first arbitrarily 
and the intensities were calculated for the reflexions 
220, 400 and 422. 
found that the 
The intensities of all reflexions down to 1:04A 


were then calculated for this m with various values 


From the intensity ratios it was 


agreement was best for m = 7. 


of oxygen ion parameter u, and the best value was 
arrived at (u = 0):395) aid of index R. 
With this w it was further checked if any change 


with the 


in m improved the agreement and it was found 


that m = 7 still gave the best agreement. The 
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observed and calculated intensities for this com- 
position are given in Table 6. Thus, the formula 


arrived at is Mn>.Mn* .B,[Mng ,B,.;]03 


Table 6. Reflexion intensities for MnMngQq: 
MgAlo( )4 = 11:5 AmBs ml A16 5 mBm 0 5|é )39 with 


m = 7. Oxygen parameter u = ()-395. 


tM un bd 


m= Wh 


~~) 


w 


ht oh & <) 6 wt 


The vacancies introduce a maximum uncertainty 
of 0-3 (Table 2) in the concentration of Mn*+ ions 
at the octahedral sites, so that a mean value of 
9-3 + 0:2 can be assigned for the same. In this 
case there is an ambiguity about the distribution 
of the Al?+ and Mg** over the two types of sites. 

The variation of c’, a’, and V1 as a function of 
the number of Mn**+ ions at the octahedral sites 
is plotted in Fig. 1. It may be mentioned that as 
observed this value of critical number of Mn** 
ions at the octahedral site (9-3 out of 16) is quite 
different from what one would have got if there 
had been no exchange of cations at the two sites 
(11 out of 16). The plot of c’/a’ vs. the number of 
Mn®*. ions is shown in Fig. 2. 
The system MgMneO4-MgAleO, 

Solid solutions of the tetragonal MgMngQO, and 
the cubic MgAloO4 were prepared as described 
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Lattice parameters, 


—~e 


BA 


| | 
pot 


9 —}-— © 


Me 4 


+ 


Number of Mn ions at the octahedral sites 


Fic. 1. Cell for MnsQ04-MgAleQO. + solid 
solutions against the number of Mn** ions at the octahe- 


dimensions 


dral sites. 
before. The observed unit cell dimensions are 
tabulated in Table 7 for the compositions studied. 
For reasons mentioned before, the cation distri- 
butions were determined for the following three 
phases only (16:0, 15:1 and 14:2). 


34 
Number of Mn ions at the octahedral sites 


Mnsat )4 MegAlot 4 
Mn?** 


solid 
the 


for 


Cell 


against 


distortion 
the number of 
octahedral sites. 


Fic. 2. 


solutions ions at 


The analysed chemical compositions reveal that 
the average valency is higher than the nominal 
one and this may be attributed to the oxidation of 
Mn+ to Mn4+ because Mg?t, Al®+ and O2>- are 
unlikely to change their valencies. The chemical 
composition thus deduced is given in column 2 of 
Table 8. The unit cell formula given in column 3 
is shown to contain the appropriate amount of 
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Table 7. Unit cell dimensions for MgMn2O4—MgAleQO, systems. 


Composition 
MgMne204:MgAleO4 * 


oCorRWNe 


Oa bdo 


wr Tetragonal C Cubic 


Symmetry 


+ Values refer to the face-centred tetragonal pseudo cell. 


cation vacancies, because the other alternative of 


interstitial oxygen ion is unlikely. For the cal- 
culation of X-ray intensities, since their scattering 
and Al? 
are identical: so also are the Mn?+ and Mn? 
Simplified unit cell formulae can therefore be 
used as are shown in column 4. The structure of 
pure MgMngQjq has been worked out by SINHA, 
SANJANA and Biswas“), and has been found to be 


powers are nearly equal the Mg?* ions 


ions. 


““normal’’, 


Number 
Cell dimensions for MgMneO4-MgAleQOx solid 
the Mn? 


octahedral sites. 


PiG.. 3. 


solutions ions at the 


against number of 


For the next two phases the oxygen parameters 
were first arbitrarily assigned the ideal values, and 
the ratios of cation distribution sensitive reflexions 
were used for preliminary determination of the 
This was then used for 


cation distribution. 


calculating the intensities for all permissible re- 
flexions using different parameters (x 


ranging from 0-200 to 0-250 and z from 0-375 to 


oxygen 


0-400) till a minimum disagreement between the 
observed and calculated intensities was obtained 
The refined oyxgen parameter values were then 
used to determine accurately the cation distribution 
parameter so that the index R was minimized. ‘The 
calculated and observed intensities for the final 


selected models in each phase have been given in 
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| sites 
Fic. 4. Cell distortion for MgMn2Oq-MgAleQO, solid 
the Mn? the 


octahedral sites. 


solutions against number of ions at 


Tables 9 and 10 and the respective unit cell 
formulae Mn® B [Mn‘ B.]O;, and 
Mn®' B,[Mn*, B,]O.,.. We have now to find as to 
how many of the A’s at the octahedral site are 


Mn? 


become 


ions. The maximum value cannot exceed 
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that of total Mn*+ ions (column 3, Table 8), or 
the total A at the octahedral site (column 
Table 8). The minimum Mn3., is obtained by 
placing all the defects (Mn** ions and [Js) at the 
octahedral site. A major cause of uncertainty 
(~ + 0-5) in the number of Mn? is our inability 
to determine the location of Mn‘4* ions, which have 
octahedral site preference comparable to that of 
Mn+ and hence their distribution cannot be fixed. 


O 
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Table 9. Reflexion intensities for MgMneQx,: 
MgAleO4 = 15:1 AmBs_m[Ais—mBi+m|Os2 with 
m = 4. Oxygen parameters x = 0-250, z = 0°375 
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The variation of c’, a’ and V1/3 as a function of 
the number of distorting cations at the octahedral 
sites is plotted in Fig. 3, and that of c’/a’ against 
the same parameter in Fig. 4. In this case, the 
critical number of Mn+ ions at the octahedral 
sites is 9:5 out of 16, as compared to the value of 
14 out of 16 which one would expect if there had 
been no exchange of cations over the two sites. 
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Table 10. Reflexion intensities for MgMngQOx: 
MgAlo( Yg= 14:2 AmBs m[ Ala mB2m| '30 «with 
m = 4, Oxygen parameter u = 0-389 
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DISCUSSION 

The variation of the unit cell dimensions c’, a’ 
and c’/a’ in the tetragonal region of the solid 
solutions does not obey Vegard’s linearity rule. 
The nature of the curve is similar to that observed 
by previous workers in the case of distorted 
manganites.) The tetragonal to cubic transforma- 
tion takes place in spite of an appreciable fraction 
of octahedral sites still being occupied by the dis- 
torting Mn+ ions. Thus it is established that this 
transformation is due to the long range disorder 
of the distorted octahedra formed by these cations. 
The transformation is confined to a narrow com- 
position region indicative of a co-operative effect. 
In a pure manganite the Mn** ions located at the 
octahedral sites form distorted octahedra with the 
neighbouring oxygen ions at the corners. Nearly 
all these octahedra are aligned parallel at room 
temperature, giving an over-all tetragonal struc- 
ture. By the introduction of non-distorting cations, 
through the formation of solid solutions, the dis- 
torted octahedra are separated, thereby decreasing 
the mean interaction energy. The observed values 
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of x. compare favourably with those reported for 


similar systems,4) as is seen in Table 11. 


Table 11. Critical composition values (x-) for solid 
solutions of spinels containing Mn** ions. 


oystem 


MnMneQOuwMegAleO4 
MgMneOgq—-MgAleO4 
MnMnoe204-NikFe2Oa 
MnMne04-FeFe204 
MnMne0,4 CoFee2Q0x, 
ZnMn204-—GeMn20 
ZnMne2O04q-LiMneQO. 
ZnMne2Os1—GeCo204 


In the systems discussed herein, the locations of 


the manganese ions have been determined by the 
X-ray diffraction technique with the assumption 
(for the first system) that the theoretically deter- 
mined site preference of the Mn** ion,3,10,11) is 
valid. However, we have yet to exclude the possi- 


bility of an electron transfer of the type. 


Mn?+ + Mn?* — Mn?*+ Mn?4 


This is done on the following grounds: 

This disproportionation reaction would require 
an extra energy of the order of 18 eV.@2) and from 
the known structure of MngO4 as Mn2+[Mn?*]o04 
and not Mn?*[Mn**Mn?*]O,®) it can be con- 
cluded that this reaction cannot take place between 
any two octahedrally sited Mn** ions. Also, this 
transfer is not likely to take place between Mn? 
and Mn°.. In those tetragonal phases where some 
Mn2 the 
justified for the following reasons: yMneQx3 has 
the tetragonal spinel structure with c’/a’ 1-16. 
The presence of Mn ions of different valencies is 


ions are at tetrahedral sites this is 


ruled out from electrical conductivity measure- 
ments.(3) It is thus concluded that all manganese 
the octahedral and tetrahedral sites are 
trivalent. The Mn? 
will, in the configuration of highest multiplicity, 
be (e)2(te)?. However, this leads to a Jahn—Teller 
1 and the configuration con- 


ions at 
ions at the tetrahedral sites 


distortion with c’/a’ 
sistent with the observed distortion greater than 
unity is (e)°(t2) for the Mn** ions at the tetrahedral 
sites.44) This is, in fact, in agreement with the 


total spin values derived from magnetic data.) 


SINHA 


and A. B. BISWAS 


Thus it is to be concluded that in the tetragonal 
region the manganese ions remain trivalent both 
at the tetrahedral and octahedral sites. 

In the cubic phases the Mn** ions at the tetrahe- 
dral sites, (e)®(t2) or (e)?(t2)? or at the octahedral sites 
(tag)*(eg) form a distorted environment which is 
opposed by the over-all cubic symmetry of the 
system. Under such circumstances an electron 
transfer may be favoured which might enable the 
ions to attain the electronic configuration suitable 
to the sites in which they are placed. For example, 
a transfer of an electron from Mn? to Mn? 
(d3) and Mnz..(d5). The con- 
figuration with highest multiplicity for Mn2,. is 
(e)*(t2)°, 
tortion, and is consistent with the cubic symmetry 


Mn; 


4+ 
oct 


will create Mn? 


oct 
which produces no Jahn-Teller dis- 
of the tetrahedral site. Similarly the has 
the configuration (fgg)? which is stable at the 
without distortion. 


octahedral site 


However the ionization energy required for this 


causing a 


process is 18 eV whereas the crystal field stabiliza- 
tion energies are of a much lower order, hence such 
a transfer is ruled out. 

Another interesting observation in these solid 
solution studies is the strong affinity of Mg?" 
and Al®+ ions for the octahedral sites. The high 
temperature crystal structure’ studies on 
MgMne0,4) have revealed that the preference of 
the Meg?+ for the octahedral sites in the cubic 
spinel phase is less than that of Mn+ by a small 
amount of ~ 4kcal/g atom. the 
tetragonal MgMngQq this value may be higher 
because of the crystal field. Thus although at 


However, in 


room temperature the Mn** ions were able to 


displace all the Mg** from the octahedral sites, 
at elevated temperatures a good deal of randomiza- 
tion was observed. In the solid solution, on the 
other hand, even at room temperature the Mg?* 
and Al*+ ions are able to displace some Mn**+ ions 
from the octahedral sites. It is thus clear that the 
site preference energy is modified due to the solid 
KRIESSMAN HarRI- 
trend in 


solution formation. and 


soN(6) have also observed a similar 
Mg,Mnyj_,Fe2O4 system. The energy required to 
transfer the first Mg ion from the octahedral to 
tetrahedral site decreases with increasing Mn?" 
ions in the system (see™6) Table 3, variation of 4 
with y). In MgMng_,Al,O4 systems the Mn** ion 
is being replaced by a much smaller Al®+ ion at the 


octahedral site. This replacement increases the 
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value of u leading to a decrease in the size of the 
octahedral holes. Such a change increases the Born’s 
repulsive energy at the octahedral sites occupied 
by the Mn** ions and thus decreases the net site 
preference energy. Thus the migration of Mn** 
ion to the tetrahedral site in the present system 
is quite feasible. 
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A THEORETICAI analysis of the shape ol photo- 
conductivity spectral distribution was given by 
DEVoRI 
photoconductivity 
Morten?) and HArRTEN®) to determine the surface 


A 


] 4 
studying the 


Recently, 


as used by BENNY and 


W 


recombination velocity on silicon crystals. 


similar problem is encountered in 


voltage dependence of cathodoluminescence and 


electron bombardment induced conductivity (de- 
noted as E.B.C. in the following). The penetration 
depth of electrons is strongly varying with their 
energy, the voltage dependence of cathodolumin- 
escence or E.B.C. is similar to the spectral response 
of photoconductivity near the absorption edge. 

the cathodoluminescence brightness 
J tol 

current density 10 (I a. 23. 


and < 


Plotting 
L(V) \ 


bombardi v 


s. accelerating voltage constant 
curve consisting of a low voltage tail 
section. The intercept of this curve with the | 
axis is called the dead voltage V a The shape 
l is typical for various 
1, ZneSiO4g—Mn 
of V 


t phosphors. 


of curve on Fig. types of 
phosphors (ZnS—Ag-Cl, ZnS—( 


the low value 


tl 


voltage tail and 
for differe1 
of E.B.C. 


presented by a similar curve to that on Fig. 1. 
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ltage dependence of cathodoluminescence and electron bombard- 
into consideration the surface recombination and diffusion 
DrVORE is 


of incident electrons 


ymbined with YouNG’s and FELDMAN’s laws re- 


obtained between the theoretical and experimental brightness vs. voltage 
fusion length Z and the surface recombination velocity 


0-15 micron and S = 5 x 108-5 x 10° cm/sec for 


efficiency and the existence of a dead surface 
layer.“4-6) BRosER proposed an explanation for 
the dead layer by the surface recombination, @® 


x 


/ 


The cathodoluminescence brightness vs. voltage 
1 tA cm* 
/ 


1 


curve 19 
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ANALYSIS OF THE PROBLEM 
In this paper, the voltage dependence of cathodo- 
luminescence and E.B.C. is analysed in a manner 
similar to that in which it was done by DEVorE, 
taking into consideration the surface recombina- 
tion and diffusion processes. In the analysis the 
following simplifying assumptions were used: 

(1) The dimensions of the crystal are essentially 
larger than the range R of incident electrons 
and the diffusion length LZ of released 
secondaries (electrons and holes). 

(2) The penetration, range and energy losses 
of the incident electron beam follow the 
type of laws described by Younc(, 

(3) The recombination process is linear and its 
lifetime is t. Only one type of carrier is taken 
into consideration. 

(4) The effects of traps, space charge induced 


by electron bombardment and losses of 


luminescence due to radiationless transitions 
in the bulk are fully neglected. The surface 
recombination is radiationless. 

The validity of YOuNG’s empirical laws was 
confirmed by several authors ,!3) Range-energy 
relation for some luminescent films was recently 
given by FeLpMAN 4), In the present analysis the 
calculation of the dissipation of beam power and 


generation of secondaries over the penetration 


depth was done by using YOUNG’s linear approxi- 
mation. R was calculated according to FELDMAN. 
In consequence of assumption (1) the problem 
can be treated as a one dimensional one. In the 
calculations the direction of the wide electron 
beam normally incident on the 


crystal was taken parallel with the x-axis and the 


semi-infinite 


origin of the system was chosen on the crystal 
surface. The following notations were used: 
Po ioV the incident beam power. 
P(x) the beam power at depth x in the 
crystal. 
2(x) concentration of 
in the crystal.“ 


carriers generated 


AE =the average work done to create a 
carrier (electron-hole pair). 
The range R is given by: 
R= KV® 
K and 6 are material constants, “1+14) 
the concentration of carriers resulting 
from generation, recombination and 
diffusion processes. 
= the diffusion coefficient of carriers. 
the mobility of carriers. 
= the surface recombination velocity. 
Ee = the average energy of emitted photons. 


Under steady state conditions a diffusion 
equation similar to that used by DEVorE may be 


applied: 
(3) 


AEDR 
7] 
Solving equation (4): 


n(x) = Ci expBx+Ce2 exp — Bx 


and 
C3 exphx+Cyexp —fx if x 


N2(x) 


The constants C) ... Cy may be determined by the 
boundary conditions: 


Dn';(0) = 
no( RR) 


Sn;(0) 


ni(R) n'1(R) = n'o(R) 
n(x) = 0 if x 


thus: 
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The cathodoluminescence emission is an in- 
volved phenomenon resulting from energy transfer, 
excitation and recombination processes. Disre- 
garding the details to these processes the re- 
combination of a carrier is associated with energy 
transfer to a luminescent center and the emission 
of a photon. Under steady state conditions the 
number of photons emitted is equal to the number 
of carriers released by incident electrons that 
recombine. Experimentally no _ characteristic 
difference was observed between the brightness 
curves of sulphide and oxide type (e.g. ZneSiO4 
Mn) phosphors. This permits the application of 
the diffusion equation (3) for both types of 
phosphors. 

The ZnS type phosphors exhibit a power law 
decay (bimolecular radiative recombination), but 
by referring equation (3) to holes the linear re- 
combination law may be applied, if the excitation 
density is low and the number of excited lumin- 
escent centers 1s negligible in comparison to their 
The 


concentration 


total number. ®-16) lifetime 7 of holes is 


determined by the and capture 
cross section of centers and it may be considered 
as constant for a given crystal. This is not valid 
for electrons, but it must be emphasized that several 
authors have successfully analysed the photo- 
conductivity diffusion processes in CdS using a 
linear approximation.'!7,~20) 

The cathodoluminescence brightness L(V) is 
given by: 
ee 
ef . : | 

| my(x)dx+ | no(x) dx 

rile : | 


L(V) (7) 


l— exp( BR) | 


L(V) 


noPo i O 


Q is a surface recombination loss parameter. 

Equation (8) contains B 1/1. The ambipolar 
diffusion length Z is determined by the diffusion 
of minority carriers (holes).(7-18) 

With a slight modification equation (8) may also 
E.B.C. 
recombination 


be employed for the calculation of 


Assuming a monomolecular 


mechanism for free electrons (majority carriers) 


GERGELY 


and using suitable higher values for 4 and 7, o(V) 
is given by: 


Po ( ] — “t —BR 
tio exp(—BR) | (9) 


o(V) = per C 
ORE | BRC 


Formula (9) is a linear approximation and the 
considerations relating to the cathodoluminescence 
of ZnS are not valid for E.B.C. 


THE EVALUATION OF EXPERIMENTAL 
RESULTS 
Comparing the theoretical L(V) curves with 


the experimental data, 8 and S may be determined. 
According to FELDMAN for ZnS: 


R = 63 V24 (10) 


R is given in A when V is expressed in kV. From 
(10) it follows that: 


Vy 
The theoretical L(V) curves are plotted against 
(B8R)1/2°4 for different values of O on Fig. 2. ‘These 


Fic. 2. Theoretical brightness vs. voltage curves for 
different values of Q. Experimental points denoted by 


circles (QO). 
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curves exhibit a low voltage tail and have a linear 
section the intercept (8Rq)!/2°4 of which with the 
horizontal axis corresponds to the dead voltage. 
By a suitable choice of O the experimental curve 
of Fig. 1 can be fitted to a certain curve on Fig. 2. 
A good agreement was found for Q = 0-7 and 


(8Rq)/2"4 = 0-54. Thus: 
Ra 63 Vu2-4 


= (11) 
0.5424 ()-228 


BDO QO 1kT 


- 
lI-O 1-O0L e 


A detailed study of the voltage dependence of 
cathodoluminescence was given in a_ previous 
paper.) Considering the cubic ZnS—Ag—Cl sample 
discussed in Ref. (5), Vq = 1-8 kV was found for 
the microcrystalline sample. 


L = 1130 A ~ 0-1 micron 
The diffusion length is given in the main by the 


value of Vg, the surface recombination velocity 
is determined by the low voltage tail of L(V). It 


is only its order of magnitude that can be estimated, 
since formula (12) contains D and yp, being an 
uncertain quantity. The magnitude of the mobility 
may vary between 1-100 cm?/V sec. Thus: 


S = 5-4~x 103-5-4 x 105 cm/sec 


The latter value is very high, nevertheless not 
impossible for irregular shaped microcrystals. 
On the other hand, it is doubtful whether p = 100 
might be used for holes in microcrystals. Unfortun- 
ately large single crystals were not at our disposal, 
but the microcrystals studied fulfilled in practice 
the conditions of the first assumption of the analysis 
as to the magnitude of Zand R. According to Ref. 
(5), “a varied between 1-2 kV for several phos- 


phors, consequently 
L =~ 0:05-0:15 micron 


From ZL and p, the lifetime of holes can be 
calculated 


7 = 5x10-9-5x10-!! sec, 


7 


depending on p. 


COMPARISON WITH OTHER AUTHORS’ 
RESULTS 


Comparing the results with data published in the 
literature, the agreement is remarkable with 
DiEMER’s value L, = 0-1 micron for CdS crystal. 
The latter was determined by the photoelectro- 
magnetic effect.“9 The recent studies of EHREN- 
BERG investigating the penetration of electrons into 
luminescent crystals®) confirm the results pre- 
sented here. The length of internal 
secondaries released by 6 rays was estimated by 


diffusion 


KALLMAN®?), The radius of the excitation channel 
has the magnitude 5x 10-61-:8x10-°cm_ for 
ZnO and ZnS type phosphors. 

Studying the diffusion of photoconductivity, 
Broser@8), AutH@” and coworkers have found 
[, = 1 resp. 1 to 15 micron for the diffusion length 
of holes on CdS. It is doubtful, however, whether 
the resolving power of optical techniques makes 
it possible to determine L = 0-1 micron; L = 1 
micron is probably an estimated upper limit.(8) 

On the other hand, Vg > 10 kV was observed by 
BLEIL®) and Lappe) for large single crystals of 
CdS. This allows the supposition that L is essenti- 
ally larger for high quality single crystals than for 
microcrystals. 
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Résumé—Dans cet article on étudie la diffusion paramagnétique des neutrons par les ions de terres 
rares. Utilisant une méthode due a G. 'T. TRAMMEL, |’effet du champ cristallin est envisagé. Des 
résultats qui en découlent, on propose un moyen de déterminer directement les niveaux d’énergie 
des ions. On discute les expériences réalisées par W. C. KOEHLER et E. O. WOLLAN, et également la 


validité de laloi J ~ sin?8 (ot f est l’angle entre le vecteur de diffusion et la direction des moments 


magnétiques). 


Abstract—In this paper the paramagnetic scattering of neutrons by rare earth ions is studied. 
using a method proposed by G. T. TRAMMEL the crystalline field effects are taken into account. 


sy 


A 


means of direct determination is then proposed for the level splittings of the ions. Experiments by 
W. C. KoeH er and E. O. WoLLAN are discussed, also the validity of the law J ~ sin? (where f is 
the angle between the scattering vector and the magnetic moments) is examined. 


1. INTRODUCTION 
L’ETUDE des terres rares par diffraction des 
neutrons thermiques a été tres poussée au cours 
de ces derniéres années. Parmi ces corps nous 
relevons le Cérium, le Praséodyme, le Néodyme, 
Erbium et l’Holmium qui paraissent les plus 
intéressants en raison de leur relativement faible 
section efficace de capture. L’étude théorique de 
lintéraction magnétique des neutrons avec les 
ions de tels métaux a été réalisée par TRAMMEL”), 
tandis que KogHLeR et WoLLAN®) effectuaient 
l’étude expérimentale. La premiere constatation 
que l’on peut faire est l’existence d’une forte 
section efficace d’intéraction magnétique (plusieurs 
barns méme pour des vecteurs de diffusion assez 
importants). I] nous a paru intéressant de repren- 
dre le travail théorique de TRAMMEL en 1’étendant 
aux terres rares non étudi¢es par cet auteur, (Ce, 
Pr, Ho) et également d’envisager plus profonde- 
ment l’influence des “‘champs cristallins’” sur la 
section efficace. 
D’un autre coté nous avons étudié la variation de 
la section efficace en fonction de l’angle entre le 
vecteur de diffusion et la direction du moment 


* Actuellement a la faculté des Sciences de Paris. 


total de lion, lorsque celui-ci peut étre considéré 
(Jz = J). La loi obtenue 


notablement de la loi bien connue en 


comme _ polarisé 
s’écarte 


sin. 


2. STRUCTURE ELECTRONIQUE DES TERRES 
RARES — INFLUENCE DU CHAMP CRISTALLIN 
(1) lon libre 

Le caractere commun a toutes les terres rares 
est la présence d’une couche 4/ incomplete. Cette 
couche peut contenir quatorze électrons. II 
s’ensuit que le nombre quantique orbital /, de 
chaque électron peut prendre une des sept valeurs 
3, 2, 1, 0, —1, —2, —3. En dessous de sept 
électrons dans la couche 4f, on raisonnera sur les 
électrons, au dela sur les trous. 

La régle de Hunp oblige a placer électrons et 
trous avec le spin maximal. En respectant égale- 
ment le principe de PAvuLt, on pourra definir ainsi 
un terme spectroscopique par les valeurs de L 


XIn et S = Xsy dont la dégénérescence totale 
7 n 


7 
est (22 +1) (2S+1). 

Dans le cas du Néodyme et de l’Erbium par 
respectivement trois 


exemple, qui possedent 


électrons et trois trous, le terme spectroscopique 
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~) c’est-a-dire L 6 S 3/2 
C’est un terme 4/7 de dégénérescence cinquante- 
deux. 

Le deuxieme 
terres rares, est la présence d’un fort couplage 
Dans libre, la 
générescence du terme spectroscopique est par- 
tiellement levée. J L+S 
quantique et les niveaux d’énergie sont repérables 
de /. 
fondamental correspond a J Lizis 


que l’on a affaire a des électrons ou des trous. 


caractere commun aux ions de 


spin orbite, AL + S. un ion dé- 


est un bon nombre 


par les valeurs Remarquons que l’état 


suivant 


3 9 
>» dégénérescence 10 


Nd J 6 
Ert++ J=6+ 3 2 is 16 


Ex: 


Les multiplets de J successifs sont tres sépares 


(plusieurs milliers de cm~!) et nous pouvons ne 
considérer dans ce qui suit que |’état fondamental. 
Pour les n électrons de la couche 4f on prendra 


la fonction d’onde sous la forme : 
(2.1) 
JM 


défini comme précédemment. Pour la fonction 
radiale on pourra avec 'TRAMMEL choisir pour 
chaque électron une fonction hydrogénoide de la 


couche 4/ 


du = daf(11. 12 ---, Tn)OLLS..M 


ot ©).1,5,7,m représente “l'état angulaire” 


ys —7 2a] (2.2) 


(7) = 7° exp| 
Si on se reporte 4 la définition de ces fonctions on 


voit que : 


ag est le rayon de l’orbite de Bour (0,529 A), Z 
la charge effective est de l’ordre de 20.+ 
de l’ordre de 0,05 A. La couche 4f a donc un rayon 


tres petit. 


a est donc 


(2) Jon dans un solide 
Dans beaucoup de sels de terres rares (en par- 


ticulier dans les oxides) on peut remarquer qu’il 


* Dans cette notation le chiffre indique la valeur du 
moment orbital / de l’électron ou du trou, le signe + 
ou — indique la valeur de son spin (+ 4) 

+ Cf: détermination expérimentale de 


WoLLAN" 


KOEHLER et 


ODIOT e 


t 


D. SAINT-JAMES 


n’existe que peu ou pas d’ordre entre moments 
magnétiques voisins (sauf peut-étre a basse tem- 
pérature). I] s’ensuit alors que, pour ces sub- 
stances, On pourra supposer que pour un ion 
l’influence de ses voisins sera bien représentée par 
un “‘champ cristallin” electrostatique effectif. Sa 
caractéristique essentielle sera son invariance par 
un certain groupe de symétrie. Nous allons en 
envisager les conséquences sur le multiplet J. Des 
dégénérescences seront levées, certains états | JM 
seront mélangés, mais nous remarquerons que le 
champ est trop faible pour réaliser des mélanges 
entre J différents. 

Dans le langage de la théorie des groupes, le 
multiplet J correspond a une représentation DY du 
groupe des rotations, irréductible dans le cas de 
Vion libre. Les fonctions propres | JM 
une base pour D’. La symétrie du champ cristallin 
un certain 


forment 


étant moindre, DY sera réduite en 


nombre de irréductibles du 


groupe de symétrie du champ considéré. 


représentations 
1 Le 
multiplet J se scindera en un certain nombre de 
multiplets dont les états propres peuvent servir 
de base aux représentations irréductibles du 
groupe. 

Par souci de simplification, nous nous sommes 
bornés pour cette étude a un champ cubique. 
Dans ce pas DY sera réduite en uw représentations 
du groupe du cube: Tj, 2, U's, I'4, 5 ou du groupe 
double I'g, 7, Ig suivant que J est entier ou 1/2 
entier (Cf: BETHE®), OPECHOWSKI™) et ABRAGAM")) : 


Po ’ 
DY = Np Vp, 


Nous donnons pour les terres rares considérées 
cette réduction dans le tableau 1. Sim, est different 
de l’unité pour certaines représentations, l’énergie 
des niveaux et leurs fonctions d’onde dépendront 
explicitement de la forme algébrique de V. 

Pour simplifier les calculs ultérieurs nous n’avons 
retenu que les termes du quatrieme degré dans le 
potentiel celui-ci s’écrit : 

V4 AS (x4 ty 


it “in 


(2.5) 
Vt 
Le signe de A détermine le niveau le plus bas. 
D’apres Kyncn), pour les sulfates de terres 
1 
I";, 


rares, A est positif et de l’ordre de 3300 cm 
Si la niveau 
l’énergie correspondante sera : 


Ej = obj V4 bj 


us; est fonction d’onde du 
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Comme 7; est une fonction de base de la repreé- 
sentation I';, on doit avoir également : 


bi| Valyb; 


et la méme énergie £; pour les fonctions dégénérées 


= @ 


correspondant a un méme niveau I. 

On voit que l’on obtiendra les niveaux d’énergie 
de V4 et les vecteurs propres correspondant en 
résolvant |’équation séculaire : 


det|< JM|Va| JM’) —ECJMIJM’>| = 0 (2.6) 
(3) Eléments de matrice de V4 
On pourrait calculer les éléments de matrice de 
l’équation (2.6) en prenant la forme explicite (2.5) du 
potentiel et la forme (2.1) pour les états propres | JM 
ll est plus élégant de transformer V4 en une somme 
d’opérateurs tensoriels irréductibles. Avec RACAH on 
définira ]’opérateur tensoriel 7(k) comme un ensemble 
de 2k+1 opérateur T(kq) (q —k,—k+1,...,k—1,k) 
qui se transforment par rotation comme les harmoni- 
ques sphériques* : 
k 
D(w)T(k,g)D(@) = SY T(k,q’)D 2.7 
w)T(k,g)D(w) = Dd TRG)Zaal) (2-7) 
q’=—k 


I] s’ensuit que : 
[Jt ,T(A,g)] = Tht IAF Rt 94 
[JzT(h,q)] = 9T(h,9) 


Ces opérateurs jouissent d’une propriété fondamentale 
connue sous le nom de théoréme de WIGNER—ECKART: 


y'J'M'|T(k,q)\yJM 
| JkJ 
—M'qgM 


1)}} 2 
(2.8) 


a rl A ? ¢ 

ev TITRlxJ> (2.9) 
Ainsi les éléments de matrice d’un opérateur tensoriel 
sont partie indépendante de M, 
V’élément de matrice réduit <y’J’|| T(k)||yJ>, et en 
partie géométrique fournie par le coefficient 37 de RACAH: 


Jk J 
—~M’qM 


factorisés en une 


une 


(—)v’ M’ 


En regroupant dans (2.5) les termes se transformant 
comme les harmoniques sphériques, on trouve? : 


ae 1, 4, 43877721221 N711\ 
Vix pAtys+ Ji+ Jt 2p + 124 BJF) 
(2.10) 
* Cf : Epmonps'‘?) et tous les livres de 
quantique. 
t Cf : STEVENS'®), 


mécanique 


le dernier terme de (2.10) vient de la non commutation 
de Jz, Jy, Jz. On en déduit : 


JM\Vil JM 


9 


[5—6J(J+1)]+ 


- eal M4 : 
\4 + 


+ JWI +2) 


JM+4|Vi|JM. 
BA [JF M\\(J+M44)1112 

3 Lt M—4)\(J+M)! 

JM'|V4| JM pour M’AM ou M4~M+4 


8, différent pour chaque terre rare, se détermine aisé- 


JJ\ValJJ> par la méthode directe. 


& 


= (0 


ment si l’on calcule 
Les valeurs ont été données par STEVENS nous les 


reproduisons dans le tableau 1. 


(4) Résolution de l equation (2.6) 

La résolution de cette équation de degré (27 +1) 
peut étre effectuée directement par une machine 
électronique, mais on peut également la factoriser 
par des méthodes de théorie des groupes. DY étant 
réduite selon l’équation (2.4) on sera amené a 
résoudre x équations de degrés respectifs np. ... 


Ny, AVEC : 


Np, dp, 


id 


oti dy, est la dimension de la représentation I’, ,. 


Pour ceci on formera les combinaisons linéaires 
JM» se 


transformant comme une fonction de base connue 


indépendantes des vecteurs propres 


f, de I’ dans les opérations du groupe. 


I e - 
soit y* , 

’ Dot, , . . , 
tout m, de linéairement indépendantes et on aura 


une telle combinaison il y en aura en 


a résoudre l’équation de degré np: 


det| <y* | Valy? > —<Ay® |y4 
Vy i ye site 
A est l’énergie des mp niveaux correspondant a Ip. 
On poura alors déduire les combinaisons linéaires 
des ae qui peuvent servir de base aux divers 
niveaux. 

En opérant sur les d,»—1 partenaires de 5 on 
obtiendra les m,(dp—1) fonctions dégénérées dp 
a dy avec les précédentes. 


x 


I] reste a former les combinaisons y~ ,. 
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Tableau 1. Valeurs pour les différentes terres rares de J, Z*, B et de l’ energie des niveaux dans un champ cubique 


Ion n Terme! / Z* f Décomposition Energie 


72—54/74/103)BA 


724+54/74/103)BA 


0.03526 A 


02967 A 
002934 A 


,03343 A 
,03670 A 
02712 A 
03916 A 


,003463 A 
03449 A 


,01884 A 


+0,03548 A 
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Si G?, est la matrice de transformation des 
fonctions fp pour |’élément g du groupe, on aura 
d’aprés WIGNER®), 


dp p 4 l 
% = > vy lGiorke siIM- 
wy 


N est le nombre d’éléments du groupe, g| JM)» le 
résultat de l’opération g sur le vecteur | JM). 

En choisissant toutes les valeurs possibles de M/ 
on obtiendra (2/+1) combinaisons y,,; dont 
seulement mp sont linéairement indépendantes. 


Dans le groupe du cube, les opérations sont des 
rotations autour d’un axe.* Les angles d’Euler de ces 
rotations «, 8, y sont égaux a 0, 7,+7/2 pour le groupe 
simple et 27, 37/2, 57/2, 3m pour le groupe double. 


g|JM> = > Dy, m(w)| JM” 
M’ 
= S exp (iM’s|2) exp (iMy/2)ds,u(8)| JM’ 
M’ 


; , J . 
Les matrices de rotation d},’ ,(8) ont des expressions 
simples pour les angles 0, 7, 27,37; pour les angles 
+/2, 32/2, 57/2 on les déduira des relations de ré- 


curence?y : 


—2Madsp.u(7/2) 





= VJ(J+1)—M(M 4 1)aars 





+ VJJ+1)— MM —1)dj- 


_ — )J—-M (2))! = 
— oe 


diy, s(mr/2 


dsy.u(—B) = diz,u(B) 


dw,u(+B) = (—)7-Md2yv,u(8) 
Pour déterminer les matrices G?,, on prendra les 
fonctions fp données par BETHE et VON DER LAGE“ 
pour le groupe simple et par ELtiotr“!) pour le 
groupe double. 

Dans le tableau 2 nous donnons 8 titre d’exemple 
les combinaisons Yp,i pouvant servir de base aux 
différents multiplets du Cérium. On pourra se 
procurer celles relatives aux autres terres rares 
aupres d’un des auteurs (D.S.J.). 


* On ne considére pas |’inversion déja incluse dans la 
forme de 4. 


t Cf: EpMonps p. 53 ff. 


Tableau 2. Etats propres des niveaux du cérium dans 
un champ cubique 





3. FORMULES GENERALES DE LA SECTION 
EFFICACE 


Nous allons reprendre dans ce qui suit le traite- 
ment de l’article de 'TRAMMEL un peu trop succint 
et possédant un assez grand nombre de fautes 
d’impression qui en rendent la lecture pénible. 
Nous espérons pouvoir amener un peu de clarté 
dans un exposé trés abstrait. 

Nous prendrons dans le Hamiltonien le terme 
qui décrit l’intéraction des neutrons avec les 
électrons atomiques sous la forme : 


e 


San:An(ta—ty) (3.1) 


Hint _ 
Con 
a ; a 
a» est l’opérateur vitesse de Drrac pour le n-ieme 
électron, fy sa position, ry est la position duneutron 


A,(r) = 2N Sy xrr-3 


Sv et gy sont respectivement l’opérateur de spin et 
le facteur de LANDE du neutron 


(gn : — 1% MyC) 


Dans l’approximation de Born l’onde diffusée 
par un atome a partir d’un neutron de moment 
incident / po sera: 
<< 2iDiewe 
~ L1 NONE 
wy. a eae 

het g 
f 


X pubs| Sw + RR-? > 


x : a&@ exp (ik *Tn) Xoubo 
7 


X pby exp (tp sn) 


(3.2) 
Vn 

ys est une fonction propre d’un niveau d’énergie de 

l’atome, X représente |’état de spin du neutron, 

k = po— pr, Mw est la masse du neutron, les 

indice 0 et f distinguent les quantités avant et 

apres la collision. La somme doit étre étendue a 








ODIOT 


SIMONE et 


tous les états possibles de |’atome compatibles 


avec |’équation de conservation de énergie : 
E;—Eo 

2Mn 
ou £ est l'énergie de |’atome. 


En utilisant l’approximation non relativiste de PAULI, 


nous ecrirons le vecteur courant sous la torme : 


é 
iJ po(k) = i— <aby| > an exp (tk* 1'n)\o> = 


¢ n 
1€ x 

= wy Pn exp (1k« fn) T 
2me - 


‘1'n)Pn+ 2ik x Sn exp (ik- 1n)\o> (3.4) 


Cette formule a été utilisée par HALPERN et JOHNSON" 
dans leur discussion de la diffusion des neutrons par des 


atomes pour lesquels le terme courant orbital 


by > Pn exp (ik* fn) + exp (1R* fn) Palo 


vt 


est nul 
En utilisant une transformation signalée par ‘TRAMMEL 


(equations 5 et 6 et appendice) nous écrirons : 


é 


1J ¢,0(R) yr |R x >{bnf(R* tn) T 


2m - 


Li(k:r,)In-4 


2S exp (iR- rn)}\Yo 


é | OF Eo 
be| S tp(ik- tn) > 
ri h nN 
x (exp (7k - rn)—1)\ Yo (3.5a) 
la deuxiéme sommation ne contribue pas si Fy Eo et 


elle est négligeable pour les neutrons lents (EF ~ 0,1 eV). 


Le vecteur courant deviendra : 


iJ¢o(k) =k wbr| > {Ala f(R- tn) 4 
2m n 
}/(R-t'n)lnt+2Sy exp (ik+tn}\%o> (3.5b) 
avec 

’ tk.r 

« (ik- ry)? 2 & 
f(k-1r) .% ve dx (3.5c) 

—, (Pp +2)p' (ik-r)? J 


D. SAINT-JAMES 


En reportant dans |’équation nous obtenons (3.2) : 


Meg 
C2N S 


2mc “F 


+ Sy P_,|Xobo 


ube x ruby Sv, P_+ 


> X py EXP (ips7n)/Tn 
avec 


P S Alla f(k: tn) 4 


n 


+ f{(R- tn)ln]+28n exp (tk: rn)} .2b) 


P.. et S, sont définis par rapport a la direction de 
k c’est-a-dire que si R est pris comme axe des 2 


A, Az 


t1Ay 
L’équation (3.2b) exprime le fait que 


Sy 7 S(ln r Sn) 


nN 


est un invariant de collision dans la direction de Rk. 
Si on suppose que les neutrons incidents ne 
sont pas polarisés, la section efficace différentielle 


de diffusion sera : 


do i )> Pr 
aQ 2m 2Po 
f 
. ds| Plo W¢| P_|ubo>|*} (3.6) 


L’equation (3.6) se rapporte a la diffusion par un 
seul ion d’état initial wo. Dans les substances ot 
l’effet entre 


couches magnétiques des différents ions est faible, 


des forces d’échange agissant les 
il n’y aura pas de corrélation et par conséquent 
pas de coherence dans la diffusion magnétique 
des neutrons. C’est bien ce qui a été observé par 
KOEHLER et WOLLAN. 
sera alors donnée par la sommation statistique sur 


La section efficace totale 


tous les états initiaux %o des ions magnétiques. 
L’énergie initiale du neutron est sufisamment 
faible pour ne pas induire de transitions entre 


multiplets de J différents. Un état de l’atome 
s’écrira : 
! + ie 79 
ti = > A‘ |yJM) (3.7) 


le nombre quantique additionnel y spécifie les 
conditions radiales. Nous indiquons par l’indice 
1 le référentiel de quantification des états propres 
|]M> dont l’axe des z est en général différent de 
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k. La section efficace devient : 


— Ke, kpT) Pr 
2po | 


do — 4 exp ( “4 
dQ ~~ \ me 2 exp(— E;|kgT) 


ss f% 
22m ul! 


yJM'|P,(k)\yJM>y 


x 
M’ M 


+|S>AwAt 
M’' M 


yJM'|P_(k) 3.8) 


yJM 


4. EVALUATION DES ELEMENTS DE MATRICE 
DE L’OPERATEUR P 

Nous pourrions calculer directement les élé- 
ments de matrice de (3.8) en explicitant P+ selon 
(3.2b) et |yJM> en fonctions propres de chéz aque 
cia Ce processus serait tres inélégant, mais 
de plus, il obligerait 4 un calcul formel différent 
pour chaque ion de terre rare et deviendrait 
impraticable des que le nombre d’électrons est 
supérieur a un. 

Suivant 'TRAMMEL 
états propres |yJ/M 
stants, nous utiliserons le formalisme des opéra- 
teurs tensoriels irréductibles. Pour cela nous allons 
les harmoniques sphe- 


et f(k'rn). Il 


et ayant remarqué que les 
correspondent a J,L,S con- 


faire apparaitre dans P+ 
riques en développant exp(?k* rn) 
vient : 


bf,(krn) x 


n 


x [InP,(cos On) + P,(cos On )bn| + 


> (cos On) Sn} (4.1) 


+ 2if,(krn)E 


Nous obtenons: 


yJM'|P\yJMy = >? 


p 


x ». JM $1,P,(cos On) es 1P.(cos Ann JM Fk 


'(2v+1)x 
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+> <JM"|snP,(cos On) )Sn| JM>F?} 


n 


+ P,(cos Oy 


On a pose: 


Uf (Rr bag (r)bag (rr 2dr 


fos 4 (reba (vr 2dr 


FE(R) = 


Vib, ! ou Yuba (7 ‘\ y' 2dr 
fy il” usa ¢(v v2dr 


(4.3b) 


On notera dans (4.2) l’analogie formelle entre les 
deux parties intervenant dans |’élément de matrice : 
la partie “‘orbitale”’ et la partie de spin. 

Nous sommes 
somme d’opérateurs _ tensoriels 
équivalant a jP,(cos 0)+P,(cos 6) j ot jf est un 
certain moment cinétique. 


donc ramenés a trouver une 


irréductibles 


Considérons l’opérateur tensoriel Yx (9n, Yn) dont 
les 2k+1 composantes sont les “harmoniques sphé- 


wn) on aura: 


IM Y4Xn,$n)|JM 


riques”’ Y24n, 


JM'T—M\kg 


(24 1)3 J Yi(On bn) J 


(4.4) 


= (-) 


C’est la formule (2.9) ot nous avons remplacé le co- 
efficient 37 par le coefficient de CLEBSCH-GORDON 
correspondant. Pour déterminer |’élément de matrice 
réduit nous le calculons dans la multiplicité /.t 


Jil Yi( Onn) J = <l Yx( Onn) l 
(214+1)\V2k+1 / 1k 1 

-(-) 
000 


nous allons choisir un opéra- 


(4.5) 


Pour simplifier |’écriture, 
teur tensoriel irréductible y; 


JM'\yi|JM> = (-) 


tel quet : 


1¢ JM'J—M\kgq 
(4.6) 


et nous poserons 


PK M)s (4.7) 


0 
JM|y\JM 
Une forme explicite de Ar(M), sera (en remarquant que 

TCE 
t La convention de TRAMMEL 
(—)™ au lieu de (—)7-™. 


: EDMONDS, p. 76. 


différe par le signe 
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(2k +1)\(2J—R)IAIA! 1/2 
M),; = - | x 


(2J-+k+1)\(2k)! 


a k(k—1)...(R (J+ 
[“F 


haut 
0 


polynome en M de degré k a un 


J bien qu’il ne puisse plus alors 


Remz 
sens méme pour M 
représenter un coefficient de CLEBSCH-GORDON 


arquons que c¢ 


Comme 
P (cos 6n) 


on aura: 


JM'|P,(cos On)| JM 


2/+1 (lvl 
a | 
(2v+1)1/2 000 


)<JM'|y°|JM 


= G(1|P,\1)<JM'|y?| JM 


L’équation (4.2) prend maintenant la forme : 
JM'\P|JM 
SS G(IP,|Div(2v+1)> 


I n 


TM '\Iny (n,n) +¥(Onstnn| JM > + 


win ) 


+ FX IM'|Sny(On,¥n) +9 >(Onstn)Sn| JM»! (4.10) 


Nous sommes ramenés a déterminer |’équivalent 
d’un opérateur de la forme 


0 


jy,4 
Montrons que 


jtypty it = oP py ta yh (4.11) 


Nous allons n’effectuer ce calcul que pour j*, il se méne 
de la méme maniére pour j7~. Nous allons déterminer les 
coefficients 1 et 41. Prenons 
matrice de (4.11) entre <jm+1| et | jm 


élément de 
, il vient : 


jm+1\j yy 4 yi jm m+1|;+|m> > 


; fee ; 0 
x {Cm+1\y,;m+1>+<mly,|m)} 


= <m+1\j*|m>{P,(m+1);+P,(m);} 


— moa 7 <jm+ 1j—m|v—1,1>+ 


1 
jm+1j—m\v+1,1>} (4.12) 


)...( J+M—k+v+1) 
(k—v)! v! 


(J—M)...( J—M-—v+1) 


(4.8) 


Pour déterminer les coefficients « nous allons exprimer 
CLEBSCH—GORDON de droite en fonc- 
remarquons que : 


(4.13a) 


les coefficients de 


tion de ceux de gauche. Pour cela, 


Py(m+1); = > Cl. Pm); 


\yPr(j)j+(—)™ HAP n(j)jPr(j +1); 
(4.14) 


cS = Pj - l 


d 1 par égalité des puissances de m dans (4.13a) 


Ces équations sont une conséquence de la relation : 
; 
P(m) Pm) = Snr 


m j 


En tenant compte des relations de récurrence on 


écrira : 
(—)-™<j,m+1, j—mlp,1. 
= ((i+m+ 1 j—m)P2p +1)? x 
x [P,(m);—P,(m+1);] 
et en reportant dans (4.12) : 
F, iy + ‘ (m+1); 
—FP,_,(m+1); 
a 
—P,_(m+1);) 
(v+2)]1/2 
En utilisant (4.14) et (4.13), il vient : 


— 2 (v+ 1)(v+2)}/(C7?1 


(4.16) 


Le lecteur montrerait que les autres coefficients 
que l’on pourrait introduire dans (4.11) sont nuls, 
ce qui démontre la validité du développement. 

On notera que la simplicité du résultat provient 
du couplage de deux 7 égaux. 
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(1) Calcul de l’élément de matrice ‘‘orbital’’. L’ élément de matrice de gauche est celui d’un opérateur 

. . . aun électron pris entre deux déterminants de SLATER 

Nous allons nous placer pour calculer celui-ci 

dans la multiplicité / a 
' | l 

I] vient : LL|D Vai {LL 


orbitaux. 


F . n 
ToulP.iD| =~ <JM'|> (lynn) + = <Mlly, [ll + U1 ]y2a4|—1> + 
m . ot —n+lly°,[—n-+1) 
+4(8n.n)k=)| JM. (e+ 1) = J. (I+ Pra (l—Int + Py (l—n+ 1) 
m3 C’est-a-dire : 
2P(o+1)>- GP ADD * INS Ivea(@||J> = (— YES 1(2T+1) x 


v n n 


CJM" i‘ + Ly '1(nsibn) + 


.4* JS): Py (it. +P, si(l 
“ly Lvttl Ps. (L)t 
(Ll) 
HF Sy y-1Np (Basin) JM En posant avec ‘T'RAMMEL : 


ay,y+1(l) sont définis par l’équation (4.16) ot l’on fait “WT OTlay oe ae eS S+p 
j = 1. il nous reste donc a déterminer G(LS]|y(L)|LSJ) = (—)! sii 
SIM |yZ4 (Onin) JM) = (20+ 2 x hae al 
n | J Lv J 
nine of Neatly 
x JIl> 4 1(9ns¥n)||J> JM Vo |JM, 
n G(ly.--Ln| ¥y(Ln)|L1--Dn) 


L’élément de matrice réduit peut encove s’écrire,* 


Jil Vr 1(Onsn)||J> = (— et St9 tr1(27 + 1) x = 


a a oe 
| J Lv+l1 |< L DIvs (On ¥n)|| L 
Li ¥ _ 


P\ly+...+A(l—n+1) 
nP (L)z 


Gi — G(UP,\Da? 
re Grivas = n—— G(IP,|Da 43 
Pour calculer ce nouvel élément de matrice réduit, nous 
remarquons que : 


x G(LS]|y,4.(L)|LSJ)G(h..Ln| Ya. (In)ln...h) 
LLS yey (n)LL (4.19) 
n 

V’élément orbital devient : 


121(n)||L (2+ 2-4+1)-22 > 
Vy41(n)||L>(2v + 2+ 1) x SPENGE, (JM '|y | JM>+ 


(LLL —Lly+ 1,05 : 
‘ vt 10, +Gy,..<JM'ly).,)JM)} (4.20) 


| | vy . : 
L||> DIve1")||L PA p(L)z (2) Elément de matrice de spin. 
nv \ : { 
Comme 57 agissant sur JM) ne change pas L 
* Cf : EDMoNDs, op cit. Chapitre 7. on pouttra ecrire : 
ee ee, , 0... "ee ae 
> i(2v+1)Fp > <JM'|snyy(n) +y,(0)$n| JM >G(\p,|D) 
y 


7 


, P il)jt+... +A(l—n+ I) 
=Si¥(2v+1)FG(I|P, 1) Or iin {¢ JM'|S|sny(L) +y(L)sn)| JM Y} 
y #; 4)L “Th 
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Tableau 3. Valeur y wbn), G(LSJ| y, (L) | LSJ) et « (voir texte équations (4.9), 
et (4.18)). 
4 


0,6110 —0,3760 


0.9035 857 ; ,7825 0.6701 00,4949 

0.9910 5: —(),4543 | —0,6814 5808 

0,8863 . 0,8497 0,7948 0,7216 0,6298 ) 5194 0.3895. 

0.8498 0.1479 —0,2959| —0,2124 0.2601 0.5942 
G(LSJ\y(L)|LS/) s 0,8569 0.8170 0.7583 0,6823 0,5909 0,4867 
G(11...Ln)| y(n) {h...Ln) : 0.6374 0.1 109| —0,2219 0,1593 0,1951 0.4457 


G(LS]\y(L)|LSJ) 51435) 1,1229 1,0823 1,0226 0,9457 0,8537 0,7493 | 0,6358 


G(l1...1n)|y (In) |h...L 3628 | 0,8498 0,1479 | —0,2959, —0,2124 0,2601 0,5942 — 


G(LSJ\y(L)|LSJ) 1094) 1.0934 1,0617 1,0147 0,9532 0,8780 


,8257 0 2.0656 


2,6968 0 5 507 1,6515 


,1196 —3,0315 3s 3,518 3,0728 


—§_ 9448 —6,1968 
—10,5830 | —7,4066 6055 5.8703 6903 
— 13.038 —9 2025 8.3666 5,7966 


—13,8567| —9.7979 9443 —8,3020 6,1644 7,2110 
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Or S's 


an 


J*—-L*. 
, | 7+,.0 0 r 
JM" F*y (Lh) +9 A(L)JA JM: 
D’aprés les propriétés déja établies, nous écrirons 


(L) JJM > 


JM'|Jey}(L 


= GLSJ|y,(L)| LS) fa" 


L+y°(L)+y°(L)L4|JM) 


=G(LSJ|y,(L)|LSJ) {a JM ly. 
+ ony) 4¢ JM'|y,-1| JM} 
En posant avec TRAMMEL : 
~ = (v+1)G(UP,\)G(,... 
4,0) ,G(LS]|y,(L)|LSJ)— 
teh diiiee 


l’élément de spin devient : 


| JM 


ot 


In|'y,(Ln)|L,---Ln) 


g* 
(4.20) 


\. «aS i) 
2S» 1 JM Sv+1|JM ° 


yp 


exp ( (—Eilk, oT) pr 
exp (—E;/kgT) 2p0 


do 


dQ 


= lS 


ps 


Ome 


TRONS PAR LES IONS DE 
I] vient pour le terme entre accolades : 


— <JM'\LA 


1+(2J +1) 


JM'\y, 
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yy(L) +yy(L)L+| JM 


vy J)J#|JM 


Si | JM'|J*y(J)+ 


iJM)) 


JM) +0,.2)..<JM'Ly, 


Be 

1| JM >} (4.20a) 
Dans le tableau 3 nous avons tabulé ies coefficients 
G et «, dans le tableau 4 les coefficients .* On 
remarque que pour les valeurs de v différentes de 


woe , - 
Tt Gy 1 JM LV, 


zero et un, nous n’obtenons pas les mémes valeurs 
que 'TRAMMEL, chez qui une erreur de calcul s’est 
glissée. 

Remarquons également que pour 
rares / = 3, il s’ensuit que G(/|P,|/) qui est donné 
33 


yar (4.9) s’annule avec (: 
I ( ) 000 


2/. La section efficace (3.8) devient : 


les terres 


I] faut v + 2/ pair et 
Up: 


* Les tableaux 3 et 4 et TRAMMEL donnent (—)’G). 


F3,(k)]< byl, 


LF33(R)]< bply3,-abe. 


Ce qui s’écrit apres regroupement des termes : 


—Ki/kpT) 


) exp ( 
33 >, exp ( (—E;|kpT 


Pr 
) 2po 


— 


2mc 


l 
+> (-)(A(k)-B,, 


v=0 


lb > + 


Fah) tel yu 


(R))< pylyvop—alabi >|} 


m! | 
| | e (= ) [7Z,(k)—-Z, i(R)] b,ly2, | Yi + 


1(R)) Wr] V2 : 
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SIMONE 


‘oir texte equations (4.19) et (4.20)) 


z 


{ 


G 


et 


GI 


Valeur des coefficients 


Tableau 4. 


ODIOT 


et 


0 


526 


0.! 


YN 


6607 


x 


—0,9809 


—0,4954 


0 


0 


0,8996 


0.4676 


0.4760 


O06 
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On a posé : 


5. APPLICATION DE LA FORMULE DE 
SECTION EFFICACE (4.22). 
(1) Remarque générale 
Il reste & déterminer dans (4.22a) les valeurs de 
F5,(k) et F5(k). Si Von choisit pour az(r) l’expression 
(2.2), les intégrales de (4.3) s’effectuent algorithmique- 


k2a® 


ment et on a, en posant € 


FL bie 


0 

VL 
Fy 
aL 
F; 
aL 
FG 

jo 
Fo = 
aS 
F) 
Py = HUE —38)1 +8) * 
FS = 16£%(1+£)° 
Un certain nombre d’erreurs numériques rendent la 
tabulation de ces fonctions par TRAMMEL inutilisables 
pour les grandes valeurs de v et pour certaines valeurs 
de &. 
(2) Atome polarisé 

Nous allons supposer que les atomes de terres 
rares sont dans l’état J, maximal (M = J) par suite 
de V’influence d’un champ magnetique (champ 
moléculaire par exemple) 

l % on | ; - 
lbr> = |¥e> =|; Pr = Po 

Soit B 1’angle entre le vecteur Rk et la direction 

de J, il vient: 


Ty2ssa(k)| JJ > 


(| v3 
| 


x(A)- Bo)P3(cos B)+... | 


Pour ka = 0 (5.2) se réduit a : 
/ Myegy \2 3] 
(2J+1)(2J+2) 


wu , ws \9o 9 “2 
x (Go,1+ Go)? sin2P (5.3) 


do 


aQ | 2mc } 


On retrouve la loi classique de la dépendance 
angulaire de la section efficace. Si ka £ 0 il y aura 
une déviation a la loi d’autant plus sensible que 
ka est grand, il faut remarquer que concurremment 
il y a une diminution appréciable de la section 
efficace. 
1 do 

(B,R) (5.4) 


Posons _ 
S 9 
sin?7B dQ 


Nous avons déterminé en fonction de 8 et pour 


diverses valeurs de k?a? les rapports} : 
I(8,ka) I(8,ka) 


et Ro = - 
1(0,ka) I(0,0) 


Dans le cas du Néodyme pour k?a2 = 0,1 Rj 
tombe 40,55, Re valant 0,20 pour 8 = 10°. Si 26 
est l’angle de diffusion et Ag~1A. la longueur 
d’onde des neutrons incidents : 


8zrag sin 6 
ka = - = 0,3 
Z*Xo 
entraine 
sin@O~06,20~ 75 
Cet effet devrait pouvoir étre mis en évidence 


expérimentalement. 


+ Nous tragons ici les rapports Ri et Re dans le cas du 
Néodyme et de l’Holmium, Figs. 1(a), (b), (c) et (d). 


(Ay — By) sinB 
) 


*| 
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Fic. 1. Ecartala loi J ~ sin?f tracé pour diverses valeurs de k?a? 
(a) valeur du rapport Re pour Il’ Holmium 
(b)  ,, . = Re pour le Néodyme 
ve . R; pour |’ Holmium 
(i ‘s Ri pour le Néodyne 


(voir texte équation (5.4a)). 
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On peut en tous cas conclure qu’il y a quelque 
danger a adopter la loi classsique de dépendance 
angulaire de la section efficace si ka n‘est pas 
suffisament petit (<0,1 par exemple). 


(3) Poudre cristalline avec ou sans champ cristallin 

Dans ce cas nous sommes ameneés a calculer la 
valeur moyenne de la section efficace sur toutes les 
directions possibles des cristallites. Le référentiel 
1 prend une direction quelconque par rapport a R. 


Ge+l (an \ al 
Dy. WByY) V2r+1 (1) 
a, B, y sont les angles d’EuLer de la rotation qui 
ameéne le référentiel de k sur le référentiel 1. 
Compte tenu de l’orthogonalité des y et de la re- 
lation d’unitarité des matrices & il vient 
o>! a” 
2 4,4 (w) Dy,q'(w) moy 
(w) 


dvv'dqq'dq' 'q’ si 
et 


do | Myegn ) — pf 
10) 2m if Po 


exp(— Fi/kgT) 
> exp (—F;|kgT) 
© ,(f,1) 


4y4+3 


3 |.A,—- By, +1|? (5.6) 


q 9 
abs V2, 1 hy at 


(a) Champ cristallin nul. M est un bon nombre 
quantique et les 2/+1 niveaux |/M)>_ sont 
dégénérés 

wy JM’ bj = yf = Po 
exp(—LEi/kpT) 


— a exp[—£;|kpT] 


— nl 


f 


j/ 
La section efficace devient 


| 


Pour ka inférieure a 0,4 on peut négliger dans 
(5.7) les termes v > 0. C’est la formule utilisée par 


(R)|? 
9 


) 


a +. |.A,(k)-B, 


oy ee 
= aj+l 


2mc 


TRAMMEL et c’est pourquoi les résultats obtenus 


par lui concordent avec l’expérience méme si les 
valeurs des coefficients .°7,, Z,.1 pour v > 0 sont 
fausses. Nous avons tracé la valeur de l’expression 
(5.7) en fonction de 


sin@O kaZ* 
Ao Sry 


Pour Z* nous avons interpolé et extrapolé dans la 
série des terres rares a partir des valeurs données 
par KOEHLER et WOLLAN pour Nd et Er. Les 
valeurs de Z* utilisées sont reportées dans le 
tableau 1. 


(b) Champ cristallin non nul. Nous avons vu que la 
multiplicité J est séparée en un certain nombre de 
multiplicités. Le neutron incident pourra induire 
des transitions élastiques entre états d’une méme 
multiplicité (py = po) ou inélastiques entre deux 
multiplets : 

he 
(ps?— po*) = Ei—E; (5.5) 
2m 
Si les états propres des multiplets ont la forme 
I°*/ 


3°7), alors? : 


, i i 
be Ay Ay(—)—™ > 
q=-Q2v+)) M’M 


JJM’ —M\2v+1, 


C,(f,1) 


On peut remarquer que 
4y+3 
2]+1 


Pour simplifier, nous allons supposer que la poudre 


C,(f,1) 


cristalline est au zéro absolu, seul l’état fonda- 
mental est peuplé. Si 5 est la dégénérescence de 
cet état et 4” ses fonctions propres, on aura : 

2] b b l 

i, dak, “elim 


2me bi 


Myegn 
k=0 p=0 


x C(h,1) on 
(5.10) 
Quant aux transitions inélastiques, il y en aura 
autant que de multiplets différents de l’état de 


t Nous donnons les valeurs de ces coefficients dans 
le tableau 5 pour le cas du Cérium et des plus importants 
d’entre eux pour |’Holmium. 
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Praséodyme 


Fic. 2. 


et 


Néodyme 


D. SAINT-JAMES 


Holmium Erbium 


Succession des niveaux d’énergie des différentes terres rares dans un 


champ cubique. (pour une méme valeur du paramétre A) 


base. Soit I) un tel multiplet dont les c fonctions 


c 


de base sont #;° on aura: 


Per 1 (/Mnegn 


' 


C,(h,t)p4¢ (5.11) 


La section efficace totale sera la somme de (5.10) 


et (5.11). 


Remarque: Si l’énergie du neutron est grande 
devant la distance des niveaux p,; ~ po, en tenant 
compte de (5.9), on retrouve pour la section efficace 
totale la formule (5.7). 

Les Figs. 3 donnent la variation en fonction de 
sin 6/Ap de la section efficace de l’ion libre. 

Dans la Fig. 4 nous avons tracé la variation, en 
fonction du méme paramétre, des sections efficaces 
“élastique’ et “totale” au zero 
absolu pour diverses valeurs du parametre A, 
dans le cas du Cérium. Nous pourrions également 


’ 


“inélastiques”’ 
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steradian 


Darns, 


di? 


day, 





sin A/A 0 
Fic. 3(a) 





Cc 
° 
oO 
S 
M4 
© 
4 
a 
m) 
c 
. 
S 
2 


do/d/2, 





sinG/A, 


Fic. (3b) 


Fic. 3. (a) Section efficace de l’ion libre en fonction de 
sin 9/A9 pour Ce+++, Pr+++, Ndt+++. 
(b) Section efficace de l’ion libre en fonction de sin9/Ao 
pour Ho*** et Er 


tracer cette variation pour les autres terres rares. 
Cependant, le grand nombre de figures alourdirait 
inutilement l’article.* 

* I] est remarquable que dans le cas du Praséodyme 
au zéro absolu la seule transition importante soit in- 


élastique. 











|Elastique 
450 — 





Fic. 4. Variation au zéro absolu des sections efficaces 
élastique (a) et inélastique (b) du Cérium dans un champ 
cubique, en fonction du paramétre sin 9/Ao pour diverses 
valeurs de la distance des niveaux. (377 cm™! correspond 
a A 3300 cm~!) 


Remarquons qu’avec les valeurs de A choisies 
et pour des angles de diffusion assez petits la 
section efficace totale est peu différente de celle de 
lion libre (sauf pour le Cérium). Ceci provient de 
ce que les transitions entre niveaux ¢loignés ont 
une probabilité tres faible de se produire. Ceci 
explique pourquoi KOEHLER et WOLLAN qui 
étudiaient la section efficace totale n’ont constaté 
qu’une faible variation de celle-ci avec la tem- 
pérature. 

Cependant les effets du 
peuvent étre mis en évidence si on étudie les 


champ  cristallin 


sections efficaces inélastiques. 
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Tableau 5. Valeur des expressions % Cv(hi)V iV; dans un champ cubique (voir texte équation 


(5.19)) pour le Cérium (a) et pour certain niveaux de l’ Holmium (b) 


(a) 


0.2381 
1.4815 0.8518 


1,2804 2,3862 


0.1667 0.3014 ,0390 0.2170 0.0967 
0.1906 i 7 0.4147 1343 0,0896 0,3037 


0,1288 37 0.2162 2633 0,2963 0.0969 


0.0704 1822 0,1416 ,1862 0,1510 0,3548 


00427 : : 2264 0,2069 


0.2689 f 2 y : 0.0070 
0,3766 


04946 


6. DETECTION EXPERIMENTALE DES EFFETS les multiplets I’, et I'g 
DU CHAMP CRISTALLIN [7 est un doublet d’énergie : —8A/105 
L’équation de conservation d’enérgie (5.8) Ce un quadruplet d’energie : 44/105 
permet de définir a quelle condition on peut 


observer les effets du champ cristallin. Il faut que : 


h2 
Mn si Ag 1,141 A on en tire 
d= Aencm 


a7 


your Gu’une transition ait lieu. = — 4 
pom apie. ge : | V (30,224—6,747 10-°3A) Agen A 
Pour discuter ces éventualités nous allons étudier 


le cas de Ce?* qui posséde, dans un champ cubique Si . 3300 cm-! comme le signale KyYNCH, 
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Ay = 2,22 A. Cette variation est facilement détect- 
able avec un spectrometre a cristal. 

La difficulté réside dans le choix du corps a 
étudier, car on veut éviter un trop grand foisonne- 
ment de raies de diffusion nucléaires. Pour avoir 
des sections efficaces assez fortes, la manipulation 
se fera aux petits angles (6 ~ 0). Pour ne pas com- 
pliquer inutilement l’appareillage la manipulation 
se fera 4 la température ambiante. Dans le cas du 
Cérium a ce moment et pour un angle 26 donné, 
on détectera trois vecteurs d’onde différents pour 
les neutrons diffusés : po, pi, po. 
avec 

2My 
A 


les sections efficaces inélastiques seront approxi- 
mativement dans le rapport 


) 
—exp(—A/kpT) 
Pi 
Nous avons tracé pour @ = 0) la variation des 
sections efficaces élastiques inélastiques et totales 
en fonction de la température dans le cas du 
Cérium et de l’Holmium.* Nous avons choisi pour 


* On pourra se procurer le détail des figures et 


tableaux pour les autres terres rares en le réclamant a 
l’un des auteurs. (D.S.J.). 





0,4 — 


z 


| 
| 
} 
| 








fixer les idées A = 3300 cm™!. De plus, dans le 
cas de l’Holmium nous avons groupé les niveaux 
dont les distances ne conduisent pas a une variation 
appréciable de la longueur d’onde du neutron, ou 
bien dont les distances sont sensiblement égales. 


(Fig. 5).+ 


Remerciements—La detection expérimentale de cet effet 
sera effectuée 4 Saclay. Nous tenons 4 remercier M.P.G. 
DE GENNES et M. A. HERPIN, qui nous a suggéré ce 
probleme, pour les nombreuses et fécondes discussions 
qui ont marqué son développement. Nous remercions 
également Mme PILLARD qui a effectué le calcul des 
coefficients ¥, Mlle Bore qui a effectué celui des co- 
efficients ¢, et enfin, M. A. AMOUYAL qui a bien voulu 
mettre a notre disposition le calculateur électronique. 


Note ajouttée sur l’ épreuve: La détection experimentale 
de cet effet a été effectuée au spectométre a temps de 
Vol par CriBier D. et Jacrot B., C.R. Acad. Sct. Paris 
250, 2871-3, 25 Avril (1960). 


+ Nous reproduisons ci-aprés la distance des niveaux 
dans l’Holmium pour A 3300 cm~1. 
I; 7% 8,11 cm7! 

Pr, TY? = 12,86 cem=! 
tr; I 138,91 cm”! 
218,74 cm=1 
227,14 cm™! 


239,55 cm7! 
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te 


2 


Fic. 5(i) Variation des différentes sections efficaces (Totale (a), élastique (b), 
inélastique | » I's (c) inélastique [7 — I's (d)) du Cérium avec la température 
pour A 3300 cm}, sin @ 0, A 1.141 cm. 


(ii) Variation des diverses sections efficaces de 1’Holmium avec la tempéra- 
ture pour A 3300 cm=~4, sin? = 0, A 1.141 cm 
Un certain nombre de niveaux étant voisins ou pratiquement équidistants, 


a groupes pour obtenir les courbes reproduite Bs 


ourbe (: : Section efficace totale 


ourbe (b) : Section efficace quasi élastique. Elle comprend les transitions 


dans les ensembles: Vy] gal "yee at" by, ba i. 


Section efficace inélastique. Elle comprend les transitions de 
ensemble TyI’T’ a I’ et de Te’ a l'ensemble ['’I"’T:*’ 
Courbe (d) : Section efficace inélastique : Transitions inverses des précédentes. 
Courbe : Section efficace inélastique: Elle comprend les transitions de 
l’ensemble | il 4 bey a l’ensemble ly T i / 


ourbe (f) : Section efficace inélastique. Transitions inverses des précédentes. 
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Abstract 


1 


The pressure dependence of the energy gap corresponding to allowed optical transitions 


in germanium has been measured at room temperature and pressures up to 7000 kg/cm?. This 
direct energy gap is found to increase at a rate of 1-3 + 0-1x10-° eV cm?/kg, in agreement with 
previous approximate determinations and with the pressure coefficient of the same energy gap in 


group 3-5 compounds 


INTRODUCTION 
THE FUNDAMENTAL absorption edge in germanium 
can be considered as composed of two parts cor- 
responding to disallowed and allowed optical 
transitions.“) The former involves electron transi- 
band maximum at wave 


from a valence 


() to conduction band minima at the 


tions 
vector k 
Brillouin zone boundary in the (111) directions; 
this process involves the absorption or emission 
of a phonon.@) The latter, and higher energy, 
portion of the edge corresponds to allowed transi- 
tions between the valence band maximum energy 
conduction band 


state and states in the lowest 


minimum at k 0. The minimum energy differ- 


ences for both processes can be found from a 


detailed examination of the absorption edges, 
when, on occasion, the structure in the absorption 
edge resulting from the use of magnetic fields is 
helpful. @.4) 

PauL and WARSCHAUER®) measured the change 
of the indirect absorption edge with pressure up 
to 7000 kg/cm2, and noted both a shift to higher 
energies and a change in the shape of the edge. 
Since the theory of the indirect transitions in- 
volves the states at Rk () in the conduction band 
as intermediate states, an analysis of this shift and 


research was sup] orted by the Office of Naval 


1866 (10) 


>, Zuri h 
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yratoric¢ Switzerland 


change of shape can be used to give both the pres- 
sure coefficient of the indirect energy gap and that 
of the “vertical” energy gap at k = 0. Paut and 
WaARSCHAUER found a for the coefficient 
of the indirect energy gap in agreement with pre- 
viously found values from resistivity experiments, 
i.e. 510-6 eV cm2/kg, within their limits of 


result 


error. They determined a coefficient of 1 x 10-5 
eV cm2/kg for the vertical energy gap at k = 0. 
Other workers) have found substantially greater 
coefficients for the indirect energy gap, but none 
of these have analysed their results in accordance 
with the sort of formulae believed to be applicable 
for indirect processes; significantly, the results 
of PauL and WARSCHAUER are in agreement with 
those of the other workers) when no correction 
is made for changes in shape of the absorption 
edge and a coefficient found from the photon 
energy corresponding to a fixed, chosen, absorption 
coefficient is computed. The coefficient found by 
PAUL WARSCHAUER for the 
nevertheless, found with low accuracy, by this 


and direct gap is, 
method. 

FAN et al., and NEURINGER®) have also measured 
the pressure coefficient of the direct absorption edge 
to pressures of the order of 1000 kg/cm? and 
energies up to 0-80 eV. For the highest photon 
energies a pressure coefficient of about 1 x 10-6 
eV cm*/kg was found. The agreement of their 
coefficient with that of PAUL and WARSCHAUER 1s 
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not too meaningful, because the highest photon 
energy was still smaller than the accepted energy 
gap at k = 0, 0-805 eV.) The lack of complete- 
ness of all the previous determinations suggested 
the necessity of performing measurements of 
absorption coefficient as a function of pressure to 
photon energies larger than the accepted energy 
gap. 


METHOD 

The high pressure and optical apparatus 
these measurements has been described by Paut and 
WarscHavuER(®?), A Perkin-Elmer 12 C spectrometer 
was used, with glass optics. A Kodak Ektron PbS cell, 
cooled to dry ice temperature, was used as detector. 
Since the stability of this detector was poor, a measure- 
reference wavelength (a long wavelength 
made after each measurement at any 


used in 


ment at a 
reference) was 
other wavelength. All measurements at a given pressure 
were normalized to the same intensity at the reference 
wavelength. 

The sample used was a high purity germanium single 
crystal thin film, whose thickness, 3-84, was determined 
from the interference pattern at wavelengths longer than 
those corresponding to the absorption edge. The film 
was free to move between two glass plates in its holder, 
so that the pressure applied to it was truly hydrostatic. 
The following sources of experimental error can be 
shown to be unimportant (a) changes in the intensity; 
of the source, and in its spectral distribution (b) changes 
in the sensitivity of the detector, and in its spectral dis- 
tribution (c) changes in the reflection coefficient of the 
sapphire window and the CSg pressure transmitting 
fluid (d) changes in the reflection coefficient of the glass 
plates holding the germanium film and the CSe (e) 
changes in the reflection coefficient of the sample and 
the CSe (f) distortion of the sapphire window with 
pressure (g) resolution of the spectrometer. 

The discussion of Ref. (5) of the sources of error (a), 
(b) and (f) applies here. The sensitivity of the detector 
(objection (b)) does alter with time, but the continual 
referring of all measurements to the transmission at a 
long wavelength where the absorption coefficient is 
negligible eliminates any difficulties. Objections (c), (d) 
and (f) are also eliminated by the reference wavelength 
technique. Point (e) is less simple. 

The energy transmitted by the sample at the reference 


wavelength is 
ret = Lo,ret{(1— R)/(1+ R)} 


where J and /o are the transmitted and incident intensities 
and R is the reflection coefficient. 
The energy transmitted in the region of 


sorption 1s 


high ab- 


I = Ip(1—R)2e-Kt 


where K is the absorption coefficient and t the sample 


thickness. 
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Apparently changes in the reflection coefficient of 
the interface between the germanium and the CS2 do 
not affect equally the transmitted energies at the re- 
ference wavelength and wavelengths in the spectral 
region of high absorption; and the reference wave- 
length method does not correct for the change in re- 
flectivity with pressure. It can be shown, fortunately, 
that the changes with pressure of the germanium(8) and 
CSz refractive indices‘) are small enough that negligible 
errors are committed by ignoring objection (e). The 
spectral dependences of the refractive index of german- 
ium and CSg are also shown to be unimportant at the 
wavelengths of the measurement. 

The pressure measurements were carried out at a 
mechanical slit width of 1004, which corresponds to a 
spectral slit width of about 0-005. The absorption edge 
was measured at atmospheric pressure at slit widths 
of 50 and 100u. A small displacement in wavelength 
was observed, much smaller than that caused by changes 
in pressure. Since the pressure shifts are essentially 
independent of photon energy in the range of energies 
employed, it is concluded that no significant error is 
introduced by the relatively poor resolution at mechanical 
slit widths of 100u. The wide slit widths are, of course, 
almost mandatory in the high f number optical system 
that includes the The resolution is 
such that fine excitons is not ob- 
servable, but no errors are likely to be incurred in the 


pressure \ essel 


structure due to 


deduced pressure coefficients thereby. 


RESULTS AND DISCUSSION 


The direct transitions can be made into the 
(000) conduction band states from the heavy or 
light hole mass bands. At k = 0), the transitions 
from the heavy mass band are forbidden by a 


group theoretical argument, provided spin-orbit 


coupling is neglected, while the transitions from the 


light mass band are not. It can be shown that the 
absorption coefficient due to the latter transitions 
only is given by 
2am Pre 
K = ———_|Kilp|f>x-0l? (hw — Eg)? 
3ncm2 wh 
under the assumption that 


1 pit>s 1 p tio, 


that is, the matrix element is assumed constant 
In the 
equation, m is the refractive index, ¢ the velocity 
the the 
k = 0, m the free 


and equal to its value at k (). above 


of light, ow angular frequency, Lg 


energy gap at electron mass, 


and m* is given by 


mip 
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m, is the electron effective mass and m), the light 


é 


hole mass. 
Exciton effects that modify the spectral depend- 


ence of the absorption coefficient™® are neglected 


Fic. 


and WILLIAM PAUL 


again occur. The absolute magnitude of the ab- 
sorption calculated then agrees well enough 
(within 20 per cent) with the experimental value. 
A curve of K® versus photon energy (Fig. 1) 


1. The square of the absorption coefficient K vs. photon energy 


at several] pressures. 


for our determination of the pressure coefficient. 
The matrix element in the above equation can 
be estimated from the measured effective masses 
of the electrons and the light and the 
formulae from the k.p. method™)) where they 


holes, 


shows that, at energies < 0-95 eV, at atmospheric 
pressure, K is approximately proportional to 
(iw —Eg)*. Above 0:95 eV, the K? curve de- 
viates from linearity. ‘This may be due to a number 
of causes, viz. (a) the onset of transitions from the 
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heavy mass hole band, which have an energy de- 
pendence of (Aw— Fg)*’?. The extra energy term 
here comes from the dependence of the matrix 
element on the wave vector. (b) at high energies 
the conduction band will cease to be parabolic, 
and the absorption will increase faster than 
(iw —Eg)'/2 due to an increased density of final 
states for the transition. (c) The matrix element 


ENERGY 
eV 





Fic. 2. 
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shows the isoabsorption lines as a function of 
pressure. The decrease observed in the slope of 
these lines is within the limits of the experimental 
error. The line slopes show that the room temp- 
erature energy gap changes at a rate of 


1:3+0:1 x 10-5 eV cm?/kg 


in agreement with the previous determinations, 





Isoabsorption curves at several levels of 


absorption density. 


for the allowed transitions may no longer be set 
equal to that at k = 0, but becomes dependent 
on (fw— Eg). The present data, which were ob- 
tained primarily to find the pressure coefficient 
of the gap, are inadequate for a detailed analysis 
of the shape of the absorption edge. Such an analy- 
sis is, in any case, not easy, since all of the modi- 
fications (a) (b) and (c) must be considered. 

In Fig. 1, the measurements at 3929 and 7095 
kg/cm? were taken on increasing the pressure 
while the measurements at 1977 and 5764 kg/cm? 


were taken on decreasing the pressure. Fig. 2 


although the reasons for this agreement are not 
wholly understood.) 

The pressure coefficient of the energy gap at 
k = 0 has also been determined for some inter- 
metallic semiconductors. Thus, LonG“*) found a 
coefficient of 1-4 10-5 eV cm?/kg for InSb, and 
Keyes(3) 1-55 x 10-5 eV cm?/kg. WARSCHAUER and 
PauL(4) found 1:2 10-5 eV cm2/kg for GaAs. 
Epwarps et al.45) have found similar coefficients 
in GaSb and GaAs in experiments to pressures of 
the order of 100,000 kg/cm?. It is notable that the 


pressure coefficients of the energy gap at k = 0 
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in these materials are similar, despite the variation 
in the absolute magnitude of the energy gap at 


atmospheric pressure. 
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Abstract—The adiabatic elastic constants of a single crystal of hexagonal cadmium sulfide were 
measured at 27°C. Measurements were made at 10 mc by means of an ultrasonic cw mechanical 


resonance technique. The elastic stiffness constants, in units of 101! dynes/cm?, are: ¢11 
4-638. Single crystal CdS has very low anisotropy, as 


C33 9-397, ca 1:489, cise 5:212, c13 


indicated by the ratios ¢11—¢12/2c44 


1. INTRODUCTION 
THIS PAPER reports the results of the measurement 
of the adiabatic elastic constants at 27°C of single 
crystal hexagonal CdS. The acquisition of a large 


single crystal made possible the determination of 


all five of the required constants. To the authors’ 
knowledge, this is the first determination of the 
complete set of elastic constants for a single 
crystal of the wurtzite structure. 

The five elastic stiffness constants (cj1, ¢33, C44, 
¢y2, and cjg) were determined from measurements 
of acoustic velocities. Eight acoustic velocities 
were measured along three separate crystallo- 
graphic directions of propagation. These provided, 
in addition to the five elastic constants, three 
internal checks on the accuracy of the results. 
The measurements were made by means of a high 
frequency ultrasonic cw resonance technique 
described in detail in Ref. 1 and briefly in Section 
2C. This technique is capable of yielding results 
of high precision and permits an accurate cal- 
culation of the end corrections due to the trans- 
ducer and bond. The ultrasonic pulse technique 
was used for comparison with the cw results. 


2A. FORMULAE FOR ELASTIC CONSTANTS 
The 


constants by ultrasonic techniques depends on 


determination of the elastic stiffness 
measurements of the acoustic wave velocities. ‘The 
relationships between the wave velocities and the 
elastic constants for a particular direction in 


1-08 and c33/c11 


8-432, 


¥:3%. 


hexagonal crystals are the following: 
(a) For propagation parallel to c-axis 
pl 1 = €3 
er , ieee’ 
pU; = c4a; (for any polarization) 
(b) For propagation parallel to a-axis 


pU? 


r= eu 


pU?[001] = c44; (polarized || c-axis) 


pU;[210] = C66 = $(¢11— C12); 


(polarized | c-axis) 
(c) For propagation 45° to c-axis 
4(c6g+ca4); (polarized | c-axis) 
}(¢11 +¢33 + 2¢44) + 
+ 3[(¢11 — ¢33)” + 4(¢13 + C44)" }!/? 


t(C11 + €33 + 2¢44) — 
— }[(¢11 — ¢33)? + 4(c13 + €44)?]!/? 

In the above expressions the subscripts / and ¢ 
designate respectively longitudinal and transverse 
mode propagation. The quasi-longitudinal and 
quasi-transverse waves, represented by pl ‘. and 
pU,, are coupled, and acoustical birefringence is 
generally observed. In the present instance no 
strong coupling was observed, although much 
better pulse and cw patterns were obtained for 


pl yf than for pl os 
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2B. CRYSTAL PREPARATION 
The single crystal used in these measurements 
was obtained from the Eagle-Picher Company,* 
The 


shape of the crystal was irregular, but approxi- 


and had been grown by vapor deposition. 


mated a one inch cube; the weight before cutting 
was 48g. The CdS crystal was light amber in 
and probably contained appreciably less 


color 
than 1 per cent of impurities. The specimen was 
initially oriented with respect to the c axis [001] 


by an X-ray back reflection technique. A pair of 


faces on opposite sides of the crystal were ground 


J stal after cutting 


Fic. 1. Diagrammatic sketch of CdS cry 
and grinding. Arrows indicate three directions of pro- 


pagation perpendicular to three sets of plane-parallel 


taces. 


perpendicular to the c-axis. Grinding was with 


AO-3034 emery cast iron lap, 


followed by polishing on onion skin paper with 


Linde A sapphire powder. Kerosene was used as 


powder on a 


the abrasive vehicle. The orientation of one of 


the faces was rechecked after polishing, and was 
estimated to be within 14 degrees of the desired 
direction. The finished faces were flat and parallel 
to within 0-05 mil. 

Two additional pairs of faces were ground; 
one pair perpendicular to the a-axis [010], and 
one pair perpendicular to an axis 45° to the a and 
c axes. In each case flatness and parallelism were 
within 0-05 mil. The cross sections were sufficiently 


* Eagle-Picher Company, Miami, Oklahoma. 
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large to permit the use of }in. diameter trans- 
ducers for each set of faces. The acoustic path 
lengths were: a-axis, 2°4065 
cm; 45° to a- and c-axes, 2-945 cm. A diagram- 


c-axis, 2:0222 cm; 


matic sketch of the finished crystal, including 
directions of propagation, is shown in Fig. 1. 

The transducers were x-cut and y-cut quartz 
crystals of the wraparound type. These were 
bonded to the specimen under pressure by means of 
salol (phenylsalicilate). The bond thicknesses were 
between 0-05 and 0-1 mil. Ground contact to the 
outer wraparound plating was accomplished by 
a gold-plated spring washer. 


2C. TECHNIQUE 
The technique measure 
velocities is designated ‘‘Method II” in Ref. 1. 
It consists in producing acoustic standing waves 


used to acoustic 


in a composite oscillator made up of the transducer, 


























(a) (b) 

Fic. 2. (a) cw resonance spectrum of CdS. 8 mc shear 

mode propagated parallel to c-axis. AG is the change in 
conductance due to the composite oscillator. 


(b) Line shape of individual resonance. The Q of the 
line is approximately 104. 


bond, and specimen. ‘The resonance frequencies 
of the composite oscillator are observed as con- 
ductance maxima on a Q-meter. If the sample has 
a high mechanical Q, the observed resonance 
maxima are sharp and the frequencies can be 
measured very accurately. A typical sharp-line 
spectrum is that obtained for CdS, and is shown in 
Fig. 2. The sharp peaks of Fig. 2(a) correspond 
to resonance maxima; the individual resonance 
maxima have the shape shown in Fig. 2(b). The 
frequency corresponding to the envelope maximum 
agrees closely with the transducer frequency vr 
which was independently measured by maximizing 
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the ratio of first pulse amplitude to the initiating 
pulse amplitude on the pulse-echo display. 

Since the velocity of sound only in the specimen 
is of interest, one must express the specimen 
resonance frequencies in terms of the measured 
resonance frequencies of the composite oscillator. 
This can be done by analogy with the equivalent 
circuit of simple electrical transmission lines. 
The relationship is“): 


2ls [ mp mp 


ve,n(1 igs + (vo,n—vr) 
n | ms ms j 
(1) 


where m = pl, p is the density, / the length, and the 
subscripts S, B, and 7' designate respectively the 
specimen, bond, and transducer. m is the effective 
number of half wavelengths in the specimen nA/2 

ly, at the observed resonant frequency vc,, 
of the composite oscillator. The expression fo1 
n in terms of the observed resonance maxima is: 


’ 


Avec | Ms 


? 


VC. n mr 
bce (2) 


where Avg is the measured frequency difference 
between adjacent half wave resonances vc,, and 
ve,n_1. From equations (1) and (2) it is 
that the precision of the cw technique depends 


seen 


only upon the measurements of frequency, density, 
and length. 
The procedure followed in the present work 


was to measure a number of resonance frequencies 
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vce,n above and below the transducer frequency 
vr. From these, an average Ave was computed, 
and n obtained by applying equation (2). Knowing 
nm, equation (1) was then used to obtain the 
velocities of sound in the specimen. A typical set 
of calculations to obtain the velocity of sound is 
given in Table 1. In the case of the present sample, 
the large values of /; allow one to neglect the terms 
containing mp/mg and m7z/mg in equation (2) and 
to use, instead, a simplified form of equation (1): 


(3) 


without introducing an error of more than ()-(0)5 
per cent in the values of vg. Equations (2) and (3) 


may be combined to obtain the expression 


A scatter in the values of Av;, however, will then 
introduce a corresponding scatter in the values of 
vs. If, as in the present work, the scatter in Ave 
does not produce an ambiguity in the integer n, 
the error due to this scatter is eliminated | yY using 
\ve only to obtain the proper value of 7. 

In addition to the cw measurements, the acoustic 


] } 


wave velocities were measured at 10 mc by the 


ultrasonic pulse-echo technique using a rectified 
It has been found) that 


pulse technique requires appreciable corrections 


wave train. 


Table 1. Calculation of acoustic wave velocity vo in CdS (bond neglected) 


(l—m7/ms 


(Ave)ave 


Vv¢ st Kc) 


9908: 
9951 . 


WW Ww 


10,037-92 
10,081-11 
10,124°30 
10,167°49 


~~ WwW 


Wm & WY NO eR 
HAAR A BR 


NMWNNNH ND bo 


* It has been found in practice that where there is an appreciable scatter in 
is obtained by averaging frequency differences among mechanical resonance frequencies on the 


of the central resonance. 


IO 


()-9946) 


7661 


584 


/ 
/ 


7433 
7358 


7284 


1 
l 
17508 
] 
| 


Ave a consistent value of (Avc) 


low frequency 
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Table 2. Measured acoustic wave velocities in CdS at 27°C 


' Direction of Derived 
tion ol . 

Mv a ah rth Particle Motion Elastic Symbol 
opagation ‘ 

Prop is Constants 


Velocity 
(105 cm/sec) 


1+0-001 
4+0-001 
5+0-001 


Trans y [210] 
‘Trans x [010] 


1 
5 
5 
Trans 45° toa 5 


4 + 0-005 
7 
7 
7 


Long z [001] 33 z 4-4 
1°7 

1-7 

1-7 


Trans [001] 14 U3 *7565+0-001 
Trans y [210] 16, C12 ‘ 8271 +0-001 
Long [010] 11 z ‘181 +0-004 


2-0945 Trans x [010] 1:794 +0-005 
Quasi-Long —45° to c (Fig. 1) 13 V7 4-142 +0-005 
Quasi-T'rans py 90° to y’; 45° to « 13 Ui} 2:116 +0:01 


for end effects. The results of the pulse measure- estimated errors due to angular misorientation 
ments were therefore compared with the corrected were calculated using the formulae of WaATER- 
cw results. In the present measurements, the MAN®), 
necessary correction to the velocity as measured Table 4 gives the values of the elastic stiffness 
by the rectified pulse technique amounted to constants obtained from the measured velocities, 
1-00 + 0-05 per cent for a transducer thickness of as well as the elastic compliance constants s. The 
7-8 mils and an acoustic path length in the sample X-ray density p = 4-825 g/cm? was used to 
of 2-(222 cm. calculate the elastic constants. The density was 
computed from the X-ray lattice constants 
3. RESULTS a = 4-136 A and c = 6:713 A® and from the 
The measured acoustic wave velocities at 27°C atomic weights Cd 112-41 and § 32-066. 
are listed in Table 2.* These were obtained directly Table 4 includes additional properties calculated 
from the cw measurements by the use of equation from the measurements: the linear compressi- 
bility K, parallel and perpendicular to the c-axis; 
velocities the bulk modulus, B; and the anisotropies A, 
and Ap. 


Internal checks were provided by the following 


Table 3. Estimated uncertainties for 


4 per cent comparisons: 


gligible 
negligible 


0-01 per cent ‘a (3-088 + 0-002) x 1019 cm?/sec? 


For « 14: 


0-03 per cent 
0-03 per cent v: (3-085 + 0-002) x 1029 cm?/sec? 


0-05 per cent 

y 

z (c66t 
U-'US per cent 


) 


(3-218 + 0-002) x 101° cm2/sec? 


(3-213 + 0-004) x 1018 cm?/sec* 


(3). The estimated maximum uncertainties in the 
values of the velocities are given 1n Table 3. The For C13: 
Uig (from pU-) = (9-62+0-15) x 101° cm? sec? 


velocity measurements were taken under con- 
) ‘ ) . 9 9 
v-, (from pU-,) (9-51 + 0-40) x 1019 cm?/sec? 
3 ] 


of darkness 
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Table 4. Elastic properties of CdS 


Elastic stiffness constants (in 1011 dynes/cm?*) 


9-397 


1-489 


Elastic compliance constants (in 10-12 cm 


2-104 1-602 6:716  —1-:002 


where v3 is a fictional velocity defined by the 
equation pv", = Cyg. 

Since the velocities used to obtain cjg are related 
quadratically to cjg and other elastic constants 
(See Section 2A), there result two possible values 
of cjg. The ambiguity may be resolved by applying 
the conditions of crystal stability) or by comparing 
compressibilities calculated from the elastic con- 
stants with independent measurements of the 
volume or linear compressibility. In the present 
case, the two values of c13 are 4:637 and—7-615 
( x 1011 dynes/cm2). Both values satisfy the stability 
criteria: c?. < cj, ¢33 and ct (ci. +¢12). 


The bulk moduli B = 


< $33 > 


[2(si + S12) +533 + 4513] ; 


calculated from the two values of c)g3 are 6:15 and 
1-35 (x 10! dynes/cm?) respectively. Although no 
value for the bulk modulus of CdS is given in the 
literature, these values may be compared with 
those obtained from BriDGMAN’s) data for the 
volume compressibility of cubic ZnS, ZnSe, and 
ZnTe. At room temperature and atmospheric 
pressure, they are 7:95, 4-05, and 4-12 
(x 1011 dynes/cm?). Based on this comparison 


among similar crystals, the proper value for cj3 
is chosen as 4-637 (x10!! dynes/cm?). It is 
interesting to note that the value which best 


—()°545 


C'66 


1-:610 


‘/dyne) 


satisfies the stability criteria is the proper one to 
choose. This also is the case in hexagonal Co. 


4. DISCUSSION 
A notable feature of CdS is its very low aniso- 
tropy. The anisotropies in elastic stiffness, as 
measured by cgg/ca4 and c33/c11 are respectively 
1-08 and 1-11. The anisotropy in the linear com- 
pressibilities K,/K_ is 1-09, where 


5-12 x 10-18 cm?/dyne 


10-13 em?2/dyne. 


This nearly isotropic behaviour may be related to 
the closeness of the c/a value of 1-624 to the ideal 
value of 1-633 for the hexagonal close-packed 
lattice. The hexagonal metals magnesium‘) and 
cobalts,™ for example, with c/a ratios of 1-623, 
show anisotropies (K ,/K_,) of 1-04 and 1-07, while 
hexagonal zinc, with a c/a ratio of 1-86 has an 
anisotropy of 7-9. 

In addition to c44 and cg there is a third elastic 
constant C = ¢1;+¢j2+2c33—4¢13 which  cor- 
responds to a strain which changes the c/a ratio 
at constant volume. For CdS, C 13-89 x 101! 
dynes/cm?. 

Four of the elastic constants had been measured 
previously by Masumr and ‘TANAKA"®), cj3 was 
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1 by these investigators. A comparison 


results with the present values indicates 


lifferences which vary from 1 per cent for cgg@ to 


nt for ¢jj al d C33 and 14 per cent for cjo0 
] 


the previous Val 


] 
, r ] * 
es are too low, I; 


1 


the discrepancy Cal be attributec 
Masumi and ‘TANAKA of a rectified 
44% ] { -~ 

at relatively low Irequencies 

eee | Sew k j a . 
> application of end corrections. 
ctions become important™ for low 

, 

nd for thin samples such as were 


ar and ‘TANAKA 
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Abstract—A theory of solubility is developed 


and in entropy when an impurity is placed in an interstitial site in the lattice. Two distinc 
the case of the impurity remaining electrically neutral, and the « 


are considered, namely, 


} . } +} 
which is based on estimating the change in energy 


t cases 


ase of the 


impurity becoming an ionized donor. The species which results in the greater gain in free energy 


will be predominant in the lattice. 


I, INTRODUCTION 

THE SOLUBILITY of impurities in germanium and 
silicon has been the subject of much investigation 
because of their great importance in determining 
the electrical properties of these semiconductors. 
The most recent summary of experimental results 
was made by ‘TRUMBORE”), and the thermo- 
dynamic principles which govern the solubility 
have been examined by several workers in the 
field.) Recently, the author developed a theory 
for the solubility of certain substitutional im- 
purities, stressing the importance of strain energy 
caused by an impurity as well as the role of the 
bond energy between an impurity and the sur- 
rounding host atoms. There is, however, no theory 
for the solubility of interstitial impurities. 

An interstitial impurity is one which lodges in 
an empty crystal site instead of taking the place of 
a host atom as a substitutional impurity. Like 
substitutional impurities, an interstitial impurity 
may be either electrically active or it may be neutral. 
The existence of electrically active interstitial im- 
purities has been unambiguously demonstrated 
only for the case of lithium, whose fast diffusion 
and donor properties can scarcely be interpreted 
in any other way but on the basis of its existence 
as an interstitial impurity. There is also good 
evidence from diffusion experiments that an 
appreciable fraction of copper exists in the lattice 
as an ionized interstitial donor, at least at high 
temperature.) Such gases as hydrogen or helium, 


on the other hand, which are known to be soluble 
in germanium and silicon,“ do not affect the 
electrical properties, and hence it is reasonable 
to assume that they also occupy interstitial 


positions.* 

The theory presented here aims at an under- 
standing of the factors which govern the solubility 
of both neutral and ionized interstitials. In particu- 
lar, it attempts to show how one can predict 
whether an interstitial impurity will be ionized or 
neutral. It also attempts to predict the order of 
within each for various 


solubility category 


impurities, 


II. THERMODYNAMIC FRAMEWORK 

The fundamental 
governing the solubility of any impurity is that its 
chemical potential in the host crystal must equal 
its chemical potential in the external phase.‘) 
The solubility of an impurity in the host crystal 
cannot, therefore, be considered independently 


condition of equilibrium 


of its thermodynamic properties in the external 
phase with which the solid is in equilibrium. If, 
for example, the pressure of the impurity in the 
vapor phase is changed, its chemical potential is 
also changed, and hence its solubility will be 


* Oxygen represents a special case since it appears to 
occupy an interstitial position yet is chemically bonded 
to the host atoms.‘?) Since this paper deals only with 
interstitial impurities which do not form such bonds, 


its solubility will not be considered here. 
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ratio of the concentration of the 


The 
impurity in the solid, cs, to that in the 


affected. 
extern il 


—” ee 
k7 


(la) 


where represents the energy” needed to 


AH 

he impurity from the external phase 
and AS ‘is the 
Since 


"excess entropy 


ying this transfer.? there will al- 
a vapor phase in equilibrium with the 
avs be a distribution of the 


two phases, which will be 


\H 
k hy 


(1b) 


where c, is the concentration of the impurity in 
the vapor phase and AH, and AS 


and entropy change involved in transferring the 


are the energy 
impurity from the vapor phase into the host crystal. 
If the impurity is a gas at the temperature of 
interest, i.e. it is above its critical point, the con- 
centration in the vapor phase would ordinarily 
be known in any determination of its solubility, 
and hence equation (1b) would be useful. If, on 
the other hand, the impurity is either a solid or a 
liquid, itis generally introduced by dissolving it in 
the melt and then growing a crystal. Under these 
circumstances its concentration in the vapor phase 
is not usually known, and it is then convenient 
to consider the distribution of the impurity 
between the crystal and the melt. For a clearer 
understanding of the terms AH‘* and AS‘ 


in this case, it is desirable to break each one up into 


several parts, and to re-write equation (la) as); 


AH, —Hy 
kT 


AH" 
In 


AS* 
: (1c) 
k 
\H®** actually represents a change in enthalpy and 
amount pAV, 
ing the 


differs from the change in energy by an 


\V is the 


impurity 


where change in volume accompany 


trat r of the At atmospheric pressures the 


difference is negligible 
t "The 
differentiate 


R In ci." 


word ‘‘excess’’ has to be inserted in order to 


\S from the ordinary entropy of solution 
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familiar “segregation 


The 


constant”’ 


ratio Cs/Cm is the 
for crystal growing experiments with 
the superscript m standing for melt. Hy and S; are 
the he: 
AH\" and AS 


quired to transfer the solute from its own crystal- 


t and entropy of fusion of the pure solute. 
r ‘ 
are the energy and entropy re- 


line lattice into the lattice of the host crystal, 
and AH» and AS» are the energy and entropy 
required to transfer the solute from its own molten 
state into the melt in equilibrium with the solid. 
Equation (lc) was first applied by THuRMOND 
imburity—semiconductor 


and STRUTHERS to 


syste ms. (24) 
In this 


energy and entropy of solid solution will be de- 


paper methods for estimating the 
veloped for both neutral and ionized interstitial 
impurities. In other words, the terms AH” and 
AS, of equation (1b), and AH. " and AS<" of 
equation (lc) will be estimated. It is clear from 
equation (1b) that if the impurity is a gas of 
known pressure such a theory can predict its 
solubility. Equation (1c), on the other hand, shows 
that if the impurity is a solid or liquid at the 
temperature of interest the theory can predict 
the segregation constant only if AH, and AS» 
are known from liquid state theory or from ex- 
periment. Fortunately, the latter is the case for 
many impurities of interest. 

The discussion will be limited to infinitely 
dilute solutions; absence of other impurities, 
interact with the impurity in 


which could 


question,?" is also assumed. 


II. NEUTRAL IMPURITIES 

(a) Heat of solution 

Since the neutral interstitial impurities which 
have been observed are such gases as hydrogen 
or helium, the distribution between the solid and 
the vapor phase, equation (1b), is directly useful. 
For gases at moderate pressures, 1.e. around one 
atmosphere or less, the interaction energy between 
atoms or molecules is negligible,“ and hence the 
heat of solution, AH’, will be given essentially 
by the interaction energy of the impurity with the 
surrounding host atoms. If an impurity on an 
bind itself 
atoms its 


interstitial site does not ionize, nor 


surrounding host 


be of the van der 


chemically to the 
interaction with them must 
Waals type characteristic of the interaction between 


atoms or molecules of saturated valence.“!) There 
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will thus be an attractive and repulsive potential 
between the impurity and the host atoms. 

Neglecting higher order terms in the distance 
between the atoms or molecules (i.e. neglecting 
dipole—quadrupole, quadrupole—quadrupole, etc. 
interactions) the London equation“) for the 
attractive energy between two atoms or molecules 
1 and 2 is given by: 


3 AF, AE» 


= 12 
278 AF T AE» 


Uatt —, 


In this equation, the «’s stand for the polarizabili- 
ties, and the AF’s stand for characteristic excitation 
energies of the species involved. London suggested 
that the ionization energies of the atoms or mole- 
cules should be used for the AZ’s, and with this 
approximation the expression has been used with 
good results to calculate both the attractive energy 
in gases(l3) and heats of sublimation of molecular 
crystals, (4) 
Since these 
mately additive,“%) the total attractive energy 


“dispersion” forces are approxi- 
between the impurity atom and the host lattice 
is given by summing equation (2) over all the 
impurity—host atom pairs in the crystal. An inter- 
stitial atom has four nearest neighbors at the 
interatomic distance ap, and six nearest neighbors 
at a distance 1-14 ap.“5) Contributions from host 
atoms of the second and third shell are negligible. 
Equation (2), applied to nearest neighbors, thus 
becomes: 

(1.P.)(En) / 4 6 

Li te 
(1.P.)+(£p) ay (1-14a9)® 
(2a) 

where the subscripts # and 7 stand for host and 
impurity atoms respectively, and I.P. stands for 
the ionization the impurity. A 
characteristic energy for the host crystal atoms, 


potential of 


E, was inserted to modify the London formula 
for the case where only one of the interacting 
atoms is free while the other one forms part of a 
crystal lattice. The probable value of E,, will be 
discussed below. 

The impurity atom or molecule will also ex- 
perience a repulsive potential in its interaction 
with the surrounding host atoms. The repulsion 
is that found between atoms with closed shells, 
or between molecules or ions.“!) A semi-rigorous 
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theoretical treatment of the problem has been 
given only in a few instances,“® and no simple 
analytical expression for the repulsive energy re- 
sulted from these attempts. Empirically it is found 
b exp(—r/p), 
overlap 


that expressions of the form U 
or U=Ar-* for the repulsive or 
energy between two non-reacting atoms, ions or 
molecules, a distance r apart, can be used in the 
interpretation of gaseous virial coefficients and of 
the cohesive y of ionic and molecular 
crystals;“% 6, p, A and s are empirical parameters. 
If the two atoms are different the repulsive energy 


energy 


can be written as Aj2 7-8, where 


Ay and Agg refer to the repulsive parameters for 
atoms of the same kind.” The experimental data 
can be fitted with s between 7 and 12, though for 
solids s 9 seems to give the best results. If the 
interacting atoms are different any self-consistent 
scheme will, of course, give the same results, i.e. 
as long as the repulsive parameters for the in- 
dividual atoms were chosen for the same value of 
s. The repulsive energy between the impurity 
and its ten nearest neighbors will be assumed to be 
given by: 
4 


9 
7 


) 


i, [AAG 94 Ay) 9)}9 


where A; is the repulsion parameter for the im- 
purity, and A, is the characteristic repulsion para- 
meter of the host atoms. It is assumed for the 
time being that the host atoms surrounding the 
impurity remain in their normal position and the 
effect of this assumption is examined later. 

The total neutral 
impurity and the host atoms will be given by 


adding equations (2a) and (3). 


interaction energy of the 


(b) Entropy of solution 

We shall consider the impurity embedded in the 
solid as essentially still in the gaseous form since 
with the host crystal is 


its interaction energy 


much too ’small and in most cases actually of a 


repulsive nature (see Sec. IIIc) to be considered a 


heat of condensation which would be of the order 
of a few eV. For the same reason, we shall consider 
solids as being 


the vibrational modes of the 


essentially unaffected by the presence of a weakly 
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interacting impurity. The entropy of the solid 
will, therefore, be considered largely unchanged. 

The only change in entropy which we will 
consider is that caused by a reduction of the phase 
space available to the impurity atom when it is 


immersed in the solid. Due to the presence of the 


host atoms which we will regard as hard spheres of 


diameter ao, the volume available to the impurity 
atoms is V N (7/6) a®, where V4; is the atomic 
volume and N is Avogadro’s numbe i The change 
upon restricting a gas from a volume 

is equal to k In J , (10) 


impurity 


in entropy 


a volume | and 


n entropy tor the 


, . J lostnalet 
) /istamate of interaction energies and solubilities Oo} 


; ! " ‘yy fa 
arious neutral mpuril 


_ 
Ack Traing 


P . heats 
to equat +) the entropy of solution 


ata SI! 


rom. bulk 


rvstals, as will be seen below. If 


prope rties 


be calc ulate d ire 


three neutral 


the results for atomic hydrogen 
ve used since its repulsion parameter 1s 


(6b) 


not known. The results for molecular hydrogen 


and for helium ®) are incompatible since with 
similar values of the impurity parameters their 
reported solubilities differ by more than four 
orders of magnitude. Of the two investigations 
the one of molecular hydrogen by ‘THURMOND, 
GULDNER and BEAcH ©) appears more reliable since 
it was obtained by a straightforward method, while 
the data of VAN WIERINGEN and Warmo.z for 
helium ®) were obtained by a permeation tech- 
nique which gave good results for atomic hydrogen, 
but showed much scatter for helium. It is, there- 
fore, not possible to evaluate the host atom 
parameters from experimental results, and it is 
necessary to make at least a rough estimate of 
their values from the bulk properties of the host 
crystal. This can be done for «, and £p. 

The polarizability of a host atom can be esti- 
mated approximately from the Lorentz—Lorentz 
equation relating the dielectric constant €9, to the 


atomic polarizability" 
Na 
l1— 37Nza 


ber of atoms per cm, This equation, valid 
structures, applies only to isolated, non- 
| 


il terpenetratii g atoms. It 1S difficult to estimate 


to the diamond 


the error involved in applying it 
7 
i 


attice in which the wave functions of the atoms 


certainly do interpenetrate.* Equation (5) will, 
however, be used in the hope that it gives at least 
Table 1 


diamond, 


i 


pproximately the right result for ap. 


lists the estimated polarizabilities for 


licon and germanium, together with the para- 


meters used to calculate them. The last column 


lists the interatomic distance to the third power 
for these elements. It is gratifying to see that the 
calculated polarizabilities are approximately pro- 

; 13 


rtional to d®, 1.e. 
U 


to the volume occupied per 
atom, as expected from the classical theory otf 
atomic polarizability.¢) 

As for Ey it is an energy characteristic of an ex- 
1 state of the atom, and it must, therefore, lie 
band. Its 


lie between the energy gap 


1 


somewhere in the value 


(20 


conduction 
should, therefore, 


and the work function, 2) i.e. between about 1 and 


\8) have shown how to correct 


: , , , 
for this effect, but their method merely introduces a 


factor into the which cannot be 


correction 


determined a priori 
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Table 1. Estimated atomic polarizabilities in the diamond lattice from 
equation (5) 


Diamond 
Silicon 
Germanium 


* The dielectric constant for diamond was taken from the work of WHITEHEAD and 
Hackett ;(9) for germanium and silicon the values were taken from Conwell’s review 
article, (2) 


+ Calculated from known densities, atomic weights and interatomic distances. 


5 eV for silicon and germanium. We shall take the hydrogen, namely, 3x 1018 cm~-? at the melting 

arithmetic mean of 3 eV as an approximate value. point of germanium.) This value for cs and a 

The magnitude of A, is the most difficult of all value for c, calculated from ideal gas laws was 
2 ” 


t 
to estimate, and will be obtained from the ex- used in equation (1b), together with equation 


derimental data on the solubility of molecular 4) for the entropy of solution. With these 
I : P} 


Table 2. Calculated interaction energies and solubilities of various neutral impurities in 
germanium. Absence of chemical bonding is assumed. Host atoms parameters: 


an = 4:4 10-24 cm?, E_, = 3 eV, and A, = 4x 10°. 


It atoms cn 


Urepf (eV) t t re] at 1210°] 


<) 


assumed 


negligible 


the gas phase was 


* The concentration of the impurity in 
atmosphere pressure except for the case of atomic hydrogen where it was take 


he thermal dissociation of molecular hydrogen at 1210°K 


produced by tl 
+ As was pointed out before, it was assumed in the above treatment of the repulsive energy 


host atoms surrounding the impurity remain in their normal position. 
possibility of these atoms moving away from the impurity the repul 


reduced. Let the total repulsive energy U‘°* be given by: 


-tot ° RY : ) 
l rep = ( T + 87 Gao(Aa)* 


} 


where the first term has been discussed | » equation (3) and the second term represents the 


strain energy resulting from the expansion of the cavity of radius ao by an amount Aa Differ- 
entiating with respect to the radius, we can find a value which minimized the total repulsive energy, 
in a manner similar to the one employed by the author to calculate strain energies of substitutional 
impurities.'?) The resulting decrease depends on the value of Ay2. For small values of Aj2 (e.g. Hg or He), 
the repulsive energy is not changed appreciably, while for large values of Ajo, (e.g. A or Ng), the 
repulsive energy is reduced by at most 30 per cent. Since the estimates of Aj. are not believed to be 


accurate to within 30 per cent the details of the calculations are not included in this paper. 





154 K. 
substitutions we obtain a heat of 
0-035 eV. With the 
[.P.3) and A;"7 for molecular hydrogen and our 
estimated 3eV and ay 4-5 
< 10-24 cm? in equations (2a) and (3), we must 
use A; 4x 10-82 in order to obtain a total heat 


known values for oo,“ 


values of £), 


of solution of 0-035 eV. 

Having found approximate values for the host 
atom parameters, it 1s possible to estimate the 
heat of solution of various impurities in german- 


ium. Table 2 lists the results of the calculations. 


Several conclusions are immediately obvious from 


Table 2: (a) The interaction energies are small (of 


the order of a few tenths of an electron volt) at least 


for the lighter elements. These results should be 


compared to the heat of solution for ionized im- 
purities (Sect. ['Va), which are generally consider- 
ably larger. (b) The theory predicts similar and 


large solubilities for the lighter elements, but 


drastically smaller solubilities for argon and 
nitrogel The reason 1s 1 repulsive energy 


increases more rapidly with increasing size of the 
energy. (C) 
should 


in molecular rather than in atomic 


impurity than does the attractive 
Crystals grown in a hydrogen atmosphere 


contain the gas 
torm 


As To! 


dicted solubility of atom 


comparison with experiment, the pre- 


hydrogen is in satis- 
factorv agreement with that found by FRANK and 
'THOMAS®°), The theoretical results are based on 
the assumption that the 


that A; for 


repulsive energy 1s 


negligible, o1 hydrogen atoms, fo1 


which no expe rimental data ar¢ known, is consider- 
ably smaller than A,. The theory predicts a much 
larger solubility for helium than was found by 
VAN 


periments may, however, be in error, 


whose ex- 


| inally, it 


WIERINGEN and WaARMOLTz‘®®), 


should be mentioned that one may expect the 


results for silicon to be similar to those for ger- 
manium since the host atom parameters a», L, and 


Ap, are probably comparable for the two elements. 


IV. IONIZED IMPURITIES 
(a) Heat of solid solution 
Those interstitial impurities which are known o1 
well 


thought to be ionized, e.g. Li or copper, are 


* It must be emphasi: 
bonding was as 
oxygen, 


solution of 
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below their critical points at the melting tempera- 
tures of germanium or silicon. According to the 
discussion in Section II the crystalline state of the 
impurity is, therefore, the most convenient reference 
state to use. The heat of solid solution can then 
be calculated by summing the energies involved 
in the steps necessary to transfer the impurity 
from its own crystal lattice into the host crystal at 
infinite dilution. The following sequence of steps 
can be postulated: (1) The impurity is evaporated 
from its crystalline lattice; L, = heat of sub- 
limation, AH”. (2) ‘The impurity in the gas phase 
ionization potential, 1.P. (3) 
The electron is dropped to the Fermi level of the 


is ionized; > 
host crystal; #3 = work function of the host 
crystal, W.F.+°® (4) The ion is placed in an 
interstitial site simultaneously with step 3 so 
as to preserve charge neutrality. The energy 
gained in this step is the polarization energy, which 
is liberated whenever a charge is embedded in a 
dielectric medium.@” If the ion has appreciable 
will also be a_ repulsive potential 


size there 


between it and the surrounding host atoms, 


exactly as in the case of neutral impurities. Hence, 
E l pol l rep» 


equation (3). The total heat of solution, starting 


where Uyey is given by 
from the pure crystalline solute, will thus be 


given by: 
AH" AH?+1.P.—W.F.—UpoitUrep (6) 


The first terms of equation (6) are readily 
measurable, and hence a theoretical estimate of the 
heat of solution depends on a calculation of Upo) 
and Ue». An expression for the repulsive potential 
was already given in equation (3). An approximate 
value for the polarization energy can be obtained 
by assuming that the ion is in spherical cavity of 
radius R, surrounded by a continuous medium of 
dielectric constant e«. This model yields the 
expression®® ; 


e | 
aR \' . ”) 


result is of the order of 3 eV for germanium 


Une 


The 

+ Since the work function represents the change in 
when an electron is placed into the crystal, 
T dW/d7 


perimental value to obtain the energy part of the work 


free energy 
a quantity must be subtracted from the ex- 
function. From measured values of dW dT for german- 


ium,'**) we conclude that this quantity is negligible. 
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or silicon, using for R the distance from the ion 
to a nearest host atom. In Section [Vc and in the 
Appendix a more exact estimate will be discussed, 
but with this approximate value the following 
main conclusion about the solubility of an im- 
purity as an ionized interstitial can be drawn 
from equation (6)*: The solubility will be ap- 
preciable only if the sum of the heat of sublimation 
and the ionization potential is small or comparable 
to the sum of the work function and the polariza- 
tion energy. For germanium and silicon, this 
condition that AH’+L.P. 
much larger than about 8 eV. 


means must not be 


(b) Entropy of solution 

The excess entropy of solution, AS‘" is the 
entropy change, as one g-atom of the impurity is 
transferred from its own lattice to an interstitial 
site in the host crystal. We can formally write 
this entropy change as: 


3N , 

j Vi 

ASS = Sp+k In S - = Sy 
oe Vi 
1 

in the manner recently suggested by FREEDMAN 
and Novick 8), Equation (8) the 
entropy of the host crystal containing the im- 
purity as the original entropy S», plus a change in 
the entropy, kln X %/%j, caused by the presence 
of the ion and excess electron. The unprimed 1;’s 


expresses 


are the characteristic frequencies of the host 
crystal, the primed 1;’s the frequencies after the 
introduction of the impurity. S; is the entropy 
of the impurity in its crystalline state. We may 
estimate the magnitude of k ln & 1j'/4j by consider- 
ing the temperature dependence of the energy of 
polarization [equation (7)], and of the work function, 
the former giving the contribution of the ion, 
the latter that of the electron. 62? 


~ vy; ad e2 
k In> y | l 
Vj dT 2R 
e | 
2R «€ aT 


0 Ine 


oe 
aT 

* In Section IVb it is shown that the entropy of 

solution is small so that the solubility is determined 

mainly by the heat of solution as in the case of neutral 


interstitials. 


, IMPURITIES IN GERMANIUM AND SILICON 155 


For germanium and silicon dW.F./dT was found to 
be negligible within experimental error.@2) From 
the experimental value for dIn e/dT'@% one may 
therefore estimate kln Xyj/y; to be equal to 
about 2 x 10-4 eV/deg for germanium or silicon. 


(c) Estimate of solubility of some ionized impurities. 

Comparison with experiment. For a quantitative 
estimate of the solubility of impurities as ionized 
interstitials a better evaluation of polarization 
energy than is given by equation (7) is needed. 
Mott and LittLeton®)) have shown how this 
problem can be solved 
for a crystal lattice; this is done by actually com- 


to any degree of accuracy 


puting the dipoles induced on the atoms of the 
crystal, and then summing their contribution to 
the potential at the charge site. In the Appendix 
some details of their method are described, and 
the results of its application to the case of a charge 
on an interstitial site in the diamond lattice are 
given. The computations, carried to a third order 
approximation, yield the value of 3-6 eV for both 
germanium and silicon. The use of the method is 
subject to the same criticism as the use of the 
Lorentz—Lorentz equation (equation 5) for the 
calculation of the polarizability per atom, namely, 
that it assumes non-interpenetrating atoms. 
Unfortunately, no experimental verification of 


these calculations is possible. The only ionized 


impurity in germanium and silicon for which 
reliable experimental data of the solubility are 
available is lithium.@) If the lithium 
above the host crystal were also known as a function 


pressure 


of temperature, the heat and entropy of solid 
solution could be obtained directly by the use of 
equation (1b), and an excellent check on the theory 
would be provided. Such data for lithium would 
be especially valuable since its ion is so small 
(r = 0-60 A) that the repulsive energy term of 
equation (6) is negligible; such data would there- 
fore constitute an excellent check for the calculated 
value of the polarization energy. Unfortunately 
this information is not available although PELL “@@) 
has studied the distribution coefficients of lithium 
in both germanium and silicon as a function of 
temperature. According to equation (1c), however, 
such data yield heat and entropy terms from which 
one can only obtain the difference between the 
heat of solution in the solid and that in the melt, 
and similarly for the entropy. In many cases the 
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heats and ent 


and AS,,, are known or else are small so tl the 
temperature dependence of the distribution co- 
efficient can be used to check the theory for the 
heat and ent f solid lutio Ir case of 
lithin P tablished that « ) S 
exist bet ( t and germanium nd silico and 
hence the lithium in the melt may be chemically 


bond d. Ir 


ment thi ° 

theretor¢ ne l l re ilt for pol rizZa- 
tion ene 1.¢ l 3-HeV. togetn witl 
equatl for tl rey lsive energ in estimatins 
the he ol 1d 1t10 \7 " f 1] 
purities For the entropy of solutior . © gl we 


and (9). With the theoretical 
As and th values for 


which were recently deduced by 


shall use equations (8) 
values for AH" ai 

AH, and AS 
‘THURMOND 


fron 


experime¢ ntal data, equation 
constants 
the 


of the 
5). 


(1c ) can be used to calculate segregation 


Table 


experimental vaiues 


for various ionized impurities. 3 lists 
results, together with 
substitutional segregation constant (column 
The last column gives the calculated ratio of inter- 
stitial to substitutional concentrations of the 
impurity. 

It is first of all of interest to compare the results 

at ; 


for the four elements listed in Table 3 relative to 


each other rather than to consider absolute values. 
The theory predicts that the ratio of the inter- 
substitutional form should be 


and nickel, 


stitial form to the 


greatest for silver, followed by copper 


Table 3. 
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and finally negligible for gold. In the case of silver 
the interstitial form is favored in spite of the large 
size of the ion because of the relatively small 
ionization potential. In the case of gold, the ratio 
is negligible because of the large ion size as well 
as because of the large ionization potential. The 
observed donor level in gold is therefore probably 
not due to interstitial gold. 

The case of copper merits special attention 
becaus¢ ol the conside rabl body of work done in 
investigating this element. Estimates of the 


ga ratio 
substitutional 


of ionized interstitial copper to 
copper, based on diffusion experiments, range from 
one per cent) up to as much as fifty per cent.®©) 
In any case, these estimates are higher by a factor 
of 104 to 10° than the ratio shown in Table 3. If 
the estimates based on diffusion are correct this 
discrepancy suggests that the calculated heat of 
solution, AH<”, is too high by somewhat over 1 eV. 
The only theoretical calculations involved in the 
heat of solution are the polarization energy and the 
repulsive energy. The repulsive energy is only 
()-2 eV, and hence, it would mean that the polariza- 
tion energy should be larger, i.e. more negative, 
by about 1 eV. Such an error is possible, though 
unlikely. If the polarization energy is 4-6 eV in- 
stead of 3-6 eV all values would be raised by a 
factor of 104 so that, for example, the ratio of 
interstitial to substitutional silver would be of 
the order of unity. Another explanation which 
derived from 


the estimates 


diffusion experiments and the values obtained 


wi yuld reconcile 


Calculated ratios of interstitial to substitutional forms for various impurities in germanium 


(1210°K). Full tonization of interstitials 1s assumed. 


r(A eV) \H eV) Rint (cale ) Rsur t (exptl.) Cint/subs 
k il k, ptl 
Cu 0-96 ()+2 9 10-1! 10~° 10-6 
Ni 0-96 0) 10-14 10 10-° 
Ag 1:26 0-9 9 10-2 10 ig“ 
Au 1:37 1-4 58 10-21 10-5 10-+ 
, ionic radius 
* In estimating the repulsive energy with equation (3), we have used A, = 0-4 x 10-81, as derived in Section IIIc. 


The repulsion parameter of the ion was estimated by 


ions listed by FOWLER against their ionic radii. 


interpolation from a plot of the A values for positively charged 


t In calculating AH‘" (equation 6), the values for the heat of vaporization were taken from STULL and SimKe‘™), 


values for the ionization potentials from SLATER! 
equation (1c) were also taken from STULL and SIMKE. 


Values for the heats and entropies of fusion which appear in 





THEORY OF SOLUBILITY OF INTERSTITIAL 


here, is based on a by Kaus), Kaus 
suggests that for such elements as copper, silver 
or gold in an interstitial position in germanium 
or silicon, the donor electron may be less tightly 
held than by a hydrogen atom, but more tightly 
than by a lithium atom. In other words, the author 
postulates deep-lying donor levels for 
elements, possibly buried in the 
If this picture is correct, it would mean that 
copper is not fully ionized as is assumed here. 


paper 


these 
valence band. 


the 


V. PREDICTION OF PREDOMINANT FORM OF 
THE IMPURITY IN THE LATTICE 

The question finally arises how the theory can 

predict the predominant form in which a given 

impurity exists in the lattice. Some of the atoms 

for example, exist 

be neutral 


of a given impurity may, on 


substitutional sites, while others may 
interstitials and yet others may be ionized inter- 
stitials. The predomini int species will be that which 
leads to a maximum decrease of the free energy 
when the impurity is introduced into the lattice. 
Since the contribution of the entropy to the free 
energy is small compared to that of the energy at 
the temperatures of interest here, it is simpler 
to examine the question with respect to the energy 
or heat of solution only. 

Asa first example, we shall discuss why lithium 
atoms enter as ionized interstitials 
while hydrogen atoms enter as neutral interstitials. 
We assume both atoms to be initially in the vapor 
phase. From equation (¢), subtracting AH? and 
using Upo, = 3-6eV, we calculate AH? 

— 3-0 eV, if lithium enters as an ionized impurity. 
From equations (2a) and (3), on the other hand, 
we estimate a AH of only —0-2 eV, if it enters 


as a neutral impurity. In colcaletion the gain in 
energy for the latter c 


we have neglected the 
repulsive energy, and we have estimated a rather 
polarizability of 0:-4x10-4cm for the 
The actual gain in energy for the 
good deal smaller, 


germanium 


Case, 


high 
lithium atom. 
neutral case is, therefore, 
and the process may even require an expenditure 
therefore, why lithium 


of energy. It is clear, 
A similar cal- 


exists as an ionized interstitial. 
culation for hydrogen, on the other hand, shows 
that the opposite holds true, the incorporation 
as an ionized impurity requiring an energy of 
5-1 eV while the incorporation as a neutral inter- 
stitial yields about 0-3 eV (Table 2). The difference 
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between the two impurities lies mainly in the large 
difference in ionization potentials. 

It is interesting to compare the nek used 
here to that used by Rerss®4) and by Kaus‘3) who 
conclusion on the 
Both of these 


arrived at the same basis of 


quantum mechanical calculations. 
authors calculated the energy of an s-electron of 
various impurities by solving the wave equation 
for the case of the impurity embedded in an inter- 
stitial spherical cavity surrounded by a dielectric 
medium (the semiconductor crystal). Inside the 
cavity the electron experiences a potential which 
is composed of the potential it sees in the isolated 
atom plus a contribution from the surrounding 
dielectric. Outside the the 
assumed to be given by an ordinary coulombic 
potential in a dielectric medium. The two methods 
differ in the degree of refinement used both in 
setting up the problem and in solving the wave 


cavity potenti i is 


equation. 

For the purpose of comparing them to the 
method used in this paper it is merely important 
to look at the reason for the results obtained. For 
this purpose the method of Reiss is particularly 
instructive. He shows that the ionization energy 
of a Is electron (the valence electron of hydrogen) 
remains relatively unchanged by the presence of 
the dielectric, while the energy of a 
(the valence electron of lithium) is radically re- 
duced. The reason for the difference is that a Is 
electron has appreciable density only in the vicinity 
of a Bohr distance from the impurity nucleus, and 
hence it does not appreciably feel the influence 
\ 2s electron, on the other hand, 
is therefore 


2s electron 


of the dielectric. . 
“spills over’ the cavity 
greatly affected by the presence of the dielectric. 
In this approach to the problem, the basic reason 
for the difference between a 1s and 2s electron is the 
much larger distance of the latter from its nucleus. 
It is precisely this larger distance which is also 
responsible for its lower ionization energy in the 
isolated atom; this forms the explanation proposed 
in this paper for its tendency to enter as an ionized 
Therein lies the connection between the 


wall, and 


donor. 
two approaches. ‘The method of Reiss or of Kaus 


gives semiquantitative information about ioniza- 
i.e. impurity levels, 


tion energies in the crystals, 
while the method developed in this paper is more 
suitable for an estimate of solubilities of various 


impurities. 
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shall 
case of tin in germanium. Starting with a tin atom 
-2:7 eV 


tin enters the lattice substitutionally.* 


As another example, we consider the 
in the vapor phase, we estimate AH. 
if the 
If the tin enters as an ionized interstitial impurity, 
1-4eV 


repulsive 


we estimate a heat of solution of only 


(from equation 6) neglecting the 
energy which would reduce the gain in energy. 
Clearly, one would expect tin to be predominantly 
a neutral, substitutional impurity, in accordance 


with experiment. 


VI. CONCLUSIONS 


If the thermodynamic potential of an impurity 


in the external phase in equilibrium with the host 
crystal is known (e.g. the pressure and temperature 
of the solute in the vapor phase), the solubility of an 
interstitial impurity can be predicted approxi- 
mately by estimating the interaction energy of the 
impurity with the host crystal. The entropy 
changes of the host crystal and of the impurity 
must also be considered, but are of much less 
importance. Aside from an estimate of the inter- 
action energy, it is also necessary to know various 
properties of both the impurity and the host 
crystal, such as the ionization potential, the work 
function, etc. In the theory developed here the 
interaction energy of an electrically neutral im- 
purity is assumed to be of the Van der Waals type, 
consisting of an attractive potential and a repulsive 
potential caused by overlap of non-bonding 
electrons. The interaction energy of electrically 
active impurities is assumed to be given by the 
polarization of the lattice by the charge on the 
ion as well as by a repulsive energy as in the case 
of neutral impurities. The theory developed here 
attempts to make quantitative estimates of these 
interaction energies, and is then able to predict 
what the predominant form for a given impurity 
will be, as well as to make predictions about the 
relative solubilities of various elements within 
each group of interstitials. Absolute calculations 
of solubilities depend on experimental verification 
or modification of some of the parameters esti- 
mated by the theory. 


* This value is obtained from the author’s previous 
The value of AH* 


of that paper can be converted to AH” by subtracting 


work on substitutional impurities. 


the heat of vaporization of tin. (24 


APPENDIX 


CALCULATION OF POLARIZATION ENERGY 
PRODUCED BY AN INTERSTIAL CHARGE IN 
THE DIAMOND LATTICE 

When a charge, e, is placed in the lattice, dipoles 
are induced on the atoms, and these dipoles give 
rise to a potential ¢ at the charge site. By a well 
known theorem of electrostatics the energy thus 


produced is given by + (35) 
l pol Led (10) 


The problem of an atomistic theory for the 
polarization energy, as opposed to the continuum 
theory which gives rise to equation (7), is to cal- 
culate first the dipoles induced on the atoms, and 
then sum their contribution to the potential at the 
charge site. It is assumed that the potential and the 
electric field Zo at a point (xpyoz%o) originating 


from a dipole at (x;,2)) are given by®»): 


- Vo ; (11a) 


(11b) 


l 
Eo = Vo uvVo| y! 


The subscript 0 indicates that the differentiation 1s 
to be carried out at (xoyozo); 7’ is the distance 
between the points. The attack of Morr and 
LitTLETON®®) on this problem proceeded along 
the following lines: At distances far from the 
charge, the lattice is broken into cubes of edge d 
(the interatomic distance). Each cube contains an 
atom and is considered uniformly polarized by the 
charge. The macroscopic equation for the polariza- 
tion, P, is then used to compute the dipole strength 
per atom, or rather per cube surrounding an atom: 


D—E e 
Be = | 1— 
4 dir 


77 


U P q3 


D is the displacement vector, E the electric field, 
e the static dielectric constant, and 7; the distance 
from the charge to the atom in question. The 
direction of polarization is assumed to be along the 
radius vector and the interaction between the 
volume elements is neglected. In the zero order 
approximation equation (12) is assumed to apply 
to all the atoms in the crystal. This approximation 


underestimates the dipole moments induced on the 
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nearest neighbors since it ignores the fact that 
these atoms are not shielded from the field of the 
charge. Having assigned dipole moments to all 
the atoms, the potential at the charge site is then 
given by combining equations (11a) and (12): 


“i = Be ia 1 F 
db -> = me (13) 


t 
In higher than zero order approximations, say 
in the v‘® order approximation the dipoles up to 
and including the mt® shell are assumed to be un- 
known at the outset while the dipoles on the atoms 
beyond the m® shell are approximated by equation 


In these equations « stands for the atomic polariza- 
bility, and the 7;’s stand for the distance from the 
charge to the 7*® shell. The symbols £;(Xp;) 
refer to the field produced by the dipoles of the jt 
shell at an atom of the 7” shell. The symbols E£; 
(X Hout) refer to the field produced at an atom 
of the 7 shell by the dipoles beyond the nth 
shell, where n is the order of the approximation; 
these dipoles are given by equation (12). Only the 
component of the field in the radial direction are 
considered. Having calculated the dipoles on the 
atoms itisa simple matter to compute the potential 
energy at the charge site by means of equation 


(11a). 


; zero order 


i aa 
)> 
€0 e 


S1/41 Snken 


»2 2 
" rn 


(12). To calculate the dipole on an atom in one of 
the near shells one must first find the field at the 
site of the atom, and then multiply it by the 
atomic polarizability. The field is the vector sum 
of the field produced by the charge, and the fields 
produced by all the other dipoles in the crystal 
as given by equation (11b). For the xt" order 
approximation this procedure leads to the follow- 
ing set of m simultaneous linear equations for the 
dipoles in the first » shells: 


e 


3} 


"% 


f= x| 


S fu) +t Ex S pa)+ .. 


1 
| 
Ist order 
y' 


_ N 
de — 2 

]— > nth order 
4a €0 y3 


In these equations the g;’s stand for the number of 
fo) 


a distance 7; from the 


atoms in the 7*® shell at 
\ 


charge. The notation S$) means that the sum- 


mation is to be carried out over all the atoms 
beyond the n*" shell, where n is the order of the 
approximation. The method of Morr and LitTLe- 
TON was applied to the case of an interstitial charge 
in the diamond lattice up to a third order approxi- 
mation, 290 atoms surrounding the charge in 18 


E> pn)+£i( > Hout) 


> Hout) 
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Table 4. Polarization energy by the method of Motr and LiTTLETON. 
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necessitates | 
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“sees 


guivalence yreak- 
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requiring five simultaneous equations for a four 
Similar difficulties 
beyond the fourth. It 

is rapid convergenc¢ 


approximation, as was also 
d LiTTLeETON®®), 

DuPre™ 
the 


: 
ces 1t doubtful that 


Ht 


| urthermore, 


NTER al 


(see text 
point in carrying the calculation to a hig 


approxim ition. 
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Ist Order 
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* 


interstitial site. 


2nd Order 3rd Order 
4-94 


4.71 
i 
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lied to the case of a charge on a substitutional site. 
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LETTERS ‘TO 
Direct observation of open magnetic orbits 
(Received 14 March 1960) 


Tue decisive influence of open magnetic orbits 
associated with multiply-connected Fermi sur- 
faces on high-field magneto-resistance has been 
discussed by Lirsuitz and PrscHanski"), Re- 
cently BLouNT®) has proposed that these orbits 
may be observed directly. We have also con- 
sidered this possibility with a somewhat different 
emphasis on its experimental realizability. 

It is simplest to begin by reviewing the detailed 
topology of open orbits in magnetic fields as 
analysed by LirsHitz and PEscHANSKI. ‘They con- 
sider two sorts of Fermi surfaces: 

(a) Those which have the form of an undulating 

cylinder. 

(b) Those which can be represented by a three- 

dimensional grid of undulating cylinders. 
Another category of Fermi surfaces is given by 


(c) Those which can be represented by a two- 


dimensional grid of undulating cylinders. 


The most important result of LirsHitz and 
PESCHANSKI is that while in (a) open trajectories 
are encountered only when Hy, is perpen- 
dicular to the cylinder axis, in (b) open orbits are 
encountered much more frequently. More specifi- 
cally, if H is plotted on a stereogram the domains 
of H which give open orbits are one-dimensional in 


case (a) and one or two-dimensional in case (b). 
The two-dimensional regions in case (b) always 
surround symmetry directions (denoted by A) 
for which there are no open orbits but for which 
different values of ky give positive and negative 
feature that distin- 


t 


mass orbits. It is 
guishes (b) from (a); (c) is like (b) or (a) according 


this last 


to whether it has the feature or not. 

The number of open orbits (which is propor- 
tional to Aky kp, where Aky is the range of k 
along H whose cross-sections give open orbits) 1s 
generally a finite fraction of the number of 
carriers. The number is constant for H in one- 
dimensional regions but is zero at the boundary 
(which includes A) of two-dimensional regions, 
rising to a maximum in the middle of these regions. 

A characteristic feature of the open orbits in all 


cases is that in addition to the drift velocity along 
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the magnetic field v; (which is in general different 
for different open orbits) all open orbits have a 
drift velocity v, in a plane perpendicular to the 
magnetic field. The direction of vy is the same 
(for fixed #7), for all open orbits (independent of 
ky). In the one-dimensional regions this common 
direction (in k-space) is the principal axis of the 
cylinder to which H is perpendicular. In the two- 
dimensional regions the direction is given by 
N = AxH. The orbit in real space thus has an 
parallel to Nx H, 


> Ur + vy lies in the 


additional drift velocity vy 
and the total drift velocity v 
plane perpendicular to N. 

Open orbits associated with one-dimensional 
regions are periodic with periodicity of the 
cylinder. Open orbits associated with two-dimen- 
sional regions are in general only quasi-periodic 
and much less likely to be observed. However, if 
the plane normal to N is a mirror plane the orbits 
will be periodic with periodicity K (where K is a 
fundamental reciprocal lattice vector parallel to 
N). The remarks of the last two paragraphs will be 
especially helpful later in discussing cyclotron 
resonance. 

In addition to the open orbits described above 
LirsHitz and PESCHANSKI also discuss extended 
orbits, which in general are quasi-periodic. The 
regions where extended orbits may be expected 
are shown in LirsHiTz and PESCHANSKI’s stereo- 
gram (Fig. 3 of their paper). 

We now examine the possibility of observing 
open orbits experimentally in the de Haas—van 
Alphen (dHvA) and _ cyclotron 
Azbel’—Kaner (AK) The 


magneto-acoustic resonance should be similar to 


resonance, or 
effects. results for 
those for cyclotron resonance. 

It is natural, in examining the dHvA effect, to 
attempt to extend ONSAGER’s semiclassical treat- 


Bohr- 
Sommerfeld quantization rules to open orbits. It 


ment 5) of closed orbits based on the 


is easy to show that this cannot be done in a 
dHvA effect 
should be orbits.) This 
does not imply, however, that open orbits cannot 
give a classical AK effect, as stated by AZBEL’ and 
Kaner™), The principal difference between open 


gauge-invariant fashion; thus no 


observed with open 


orbits and closed orbits is the additional drift 
velocity v, of open orbits. Even with H parallel to 
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the surface of the metal this additional drift 
velocity in general will contain a component 
parallel to the surface normal which will vitiate 
the AK effect. As we have seen, however, if in the 
one-dimensional regions the axis of the cylindrical 
Fermi surface is normal to the crystal surface or 
in the two-dimensional regions A is parallel to the 
crystal surface the drift velocity of all open orbits 
will also lie in this plane. This is just the require- 
ment for the AK effect. A well resolved effect will 
probably be observed only if the motion is nearly 
periodic; for the two-dimensional regions this 
requires in addition that the crystal surface be 
parallel to a mirror plane. 

With these conditions satisfied, if the open orbit 
is in the skin depth at time 7) and returns to it at 
time 72 the AK effect will measure the “cyclotron 
frequency” w¢/27 = (T2—T7;))"! directly. More- 
the largest effect will be obtained for 
Evs\|Up = Vg t+ Vy. 

The foregoing discussion has assumed that 
wk) will be independent of ky, which in 
general is not the case. If the open orbits come 
from a single undulating cylinder (H in a one- 
dimensional region) we, will take on extremal 
values (say at ky = 0) and this will determine the 
value of we observed [say w,(0)]. For H in the two- 


over 


dimensional regions no extremal is expected in 
general, but in certain cases w, for the open orbits 
may be confined to a narrow range so that oscilla- 
tions may still be observable. We have in mind 
the open orbits that may be found in Cu, Ag and 
Au. According to SHOENBERG‘®) the Fermi surface 
in these metals consists of large “‘bellys’’ con- 
nected by narrow “‘necks’”’. The open orbits for 
H in two dimensional regions differ only by the 
amount of ‘‘neck’’ included, so that in this case 
@¢ may be sensibly constant for open orbits. A 
similar mechanism may make possible the observa- 
tion of extended orbits. 

The situation which obtains when the additional 
drift velocity v, contains a component parallel to 
the by 
BLounT®). He observes that by tipping the field 
H out of the surface it may be possible to find 
»y along H 


surface normal has been discussed 


some orbits with drift velocities vy = z 
whose normal component cancels the normal 
component of v,. A similar explanation for 
“tipped field” resonances has been proposed for 
closed orbits by CHaAmBeERs®), HeErNe@® and 
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Puituips"), though none of these authors could 
explain the observation in tin“) of ‘‘isolated 
resonances”’ at angles so large as 30°. We agree 
with BLounT that open orbits may account for 
isolated large angle resonances in general sym- 
metries. 
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The growth of single crystals of binary and 
ternary chalcogenides by chemical transport 
reactions 


(Received 23 February 1960) 


THE method of chemical transport reactions was 
used to grow single crystals of the following 


binary and ternary chalcogenides: ZnS, ZnSe, 
CdS, CdSe, MnS, SnSoe,IneS3, ZnIneS4, CdIneSa, 
HegInoSq4, ZnIngSeq and CdIngSey. 

The term chemical transport reactions was first 
introduced by ScHAFER et al.) who studied their 
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thermodynamics. Processes based on the same 
principle, however, have been known for a long 
time, €.¢g the method of van Arkel—de Boer for 
preparing certain metals by thermal decompo- 
sition of their halides on a hot wire 

Transport reactions are based on the fact that a 
transport of matter can occur in a chemical 
system consisting of one solid and m gaseous com- 
ponents in equilibrium, if the 

nt A is made to vary locally, e.g b 


th« 


equilibrium con- 
y imposing 


temperature gradient on vessel containing 
he simpl St arrangement 1S a closed 


1, e.g. ZnS, of 
nd being 


system. 


] 
SOLE 


with a polycrystalline 


on end, the othe1 ¢ 


mperature 7) 11 
at 7 (Fig. 1) 


Té 


If nothing else is in the tube we have the trivial 
1. At temperatures high enough and for 

72 normal sublimation of ZnS will occur. 
By introducing a substance forming a volatile 
compound with ZnS, e.g. iodine, an equilibrium 


will establish of the form: 


Zns 4 I> —_ Znlo -+— 


1So (n 


The 
halves of the tube can lead to a deposition of ZnS 


in Zone 2 
Znle and Se. Small amounts of iodine (the “‘trans- 


different equilibrium conditions in both 


transport via the gaseous mixture of 
porter’) are sufficient to transport practically un- 


limited amounts of ZnS because the I» liberated 
in Zone 2 will diffuse back and pick up more 


ZnS. From the relation: 
dinK(T) AH 
dT T2 


change in en- 


(K equilibrium constant, AH 


thalpy) follows that the necessary condition for 
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transport is 7; > 72 for reactions with AH > 0 and 
T, < To» for reactions with AH < 0. 

Usually ZnS will deposit in polycrystalline form. 
However, single crystals are also obtainable if the 
experimental parameters are adjusted in such a 
way that number of 


formed in Zone 2 (or introduced previous to the 


once a certain seeds are 


experiment)—the amount of material arriving in 
Zone 2 per unit time corresponds to the velocity 
of growth of the seeds. 

If suitable transporters can be found this method 
is particularly useful for growing single crystals of 
materials with high melting or sublimation points 
because crystal growth can be achieved at much 
lower temperatures than have to be employed in 
conventional melting or vapour-phase techniques. 
In the case of zinc sulphide, e.g. we obtained at a 
growth temperature of 700°C crystals which were 
whereas crystals grown by 
“‘normal”’ sublimation at 1100 
tures of the cubic and the hexagonal phases. 

Furthermore, it was found that if mixtures of 


entirely cubic, 


are usually mix- 


different chalcogenides are used as feed material 
the transport method is also suitable for growing 
single crystals of ternary compounds, e.g. ZnIngSq, 
CdInegS4, HgIngS4, materials known hitherto only 
in the polycrystalline state.) 

We have employed the outlined principles to 
grow crystals of the various binary and ternary 
chalcogenides listed in Table 1. Iodine was used 
as a transporter in all experiments. It 1s, how- 
ever, possible to use other substances, a OF HI 
SnIy, Br etc. Approximately 2 g of polycrystalline 
feed material were put into a quartz ampoule of 
8 mm 200 mm_ length. 
After heating in a high off 
adsorbed gases, iodine corresponding to a concen- 
with 


internal diameter and 


vacuum to drive 


tration of 5-6 mg/cm? was condensed in 


liquid air and the ampoule drawn off under 
vacuum. For crystal growth it was placed hori- 
zontally into a two-zone furnace, the feed material 
being in the hot zone. Growing times varied be- 
tween 12 and 40 hr. For a given temperature 
gradient the transport rate R is roughly propor- 
tional to the cross-section of the tube g and to the 
square of the transporter concentration C. Typical 
values for ZnS are: AT = 1050° —750°, C = 5 mg 
I/cm?, g = 0-5 cm? and R = 20 mg/hr. 

Work on the optical and electrical properties of 


these crystals is in progress. 
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Table 1 


Crystal 


Colour 
shape 


Compound 


ZnS White Plates, rods, 


polyhedra 
Yellow 


Orange hex. columns. 


ZnSe 
CdS 
polyhedra 
Black needles 
Dark green 
Orange 
Red 
Yellow 
Red 
Black 
Dark red | 
Black } 


CdSe 
MnS 
SnSe 
IneSs3 
ZnIine2S4 
CdIneSa 
I {[gIneS4 
ZnIneSe4 
CdlIne2Sea 


plates 
plates 
octahedra 
thin plates 
octahedra 


octahedra 


polyhedra 
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Generation of vacancies during plastic 
deformation of KCl crystals 


(Received 17 February 1960; revised 4 April 1960) 


PLastic deformation is known to produce de- 
tectable changes of conductivity in many types of 
solids. Following the interpretation of Serrz 
these changes are generally ascribed to point 
defects which are created during the movement 
of dislocations. In ionic crystals the generated 
defects are charged, and take part directly to the 
conduction processes, thus increasing considerably 
the conductivity. This enhancement of conduc- 
tivity is known as the Gyulai—Hartly effect and has 
already been observed by several workers in alkali 
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halides.) However, a systematic study of its 
temperature dependence and of its annealing 
properties has yet been lacking. An investigation 
of the effect at low temperatures, where the point 
defects are not mobile, should also allow us to 
separate the two possible contributions (ionic and 
electronic) to the extra-conductivity. As is known, 
TYLER suggested that electrons liberated 
during plastic flow and that the Gyulai—Hartly 
effect could be partially due to them.) 

In the present experiments, the effect of plastic 
strain on the conductivity of KCl crystals was 
studied in the range of temperature from —170°C 
to + 70°C. The crystals were mounted in a vacuum 


are 


cryostat, and given a constant amount of strain (of 
the order of 5 per cent) by squeezing them uni- 
axially and homogeneously between two massive, 
insulated electrodes. The external current under 
a fixed applied field was measured during and after 
deformation by means of a vibrating-reed electro- 
meter, whose output was fed into a pen recorder. 
The response time of the apparatus was kept as 
low as possible, in order to follow the conductivity 
decay soon after deformation. With a load resistor 
of 101° © the time constant was 0-3 sec and the 
sensitivity 10-14 A/division. The deformation was 
imparted to the crystal in a time of the order of 
the time constant of the apparatus. 

In Fig. 1 the external current recorded during 
and after deformation is shown for three KCl 
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1. External current as a function of time for three KCI crystals deformed at different 






temperatures. The end of the deformation is taken as time origin. 






. - 2 - > 7 
crystals deformed at different temperatures. It T 
may be seen that two distinct effects are present. Fd 
The first shows as a large sudden increase of con- 






ductivity during plastic strain: this effect is the 





only one that can be observed at temperatures be- 






tween —170°C and —10°C, and decays to zero 


after deformation in a time which is shorter than 
the time constant of our apparatus.* At tempera- / 






mM 
oO 


tures higher than —10°C there is an additional 





component, which appears as a tail of the initial 
peak and decays in a time of the order of minutes. 


This tail, which clearly represents the ionic con- 


rer : ‘tg é 
tribution, can be easily separated; its time de- 
pendence is illustrated in Fig. 2, where the re- 
ciprocal of the conductivity is plotted as a function 


of time (taking the end of deformation as a time 


arbitrary units 






origin and considering the curve after a few seconds 


\/o”, 


when the larger effect has already decayed). The “ fj’ 
straight lines of Fig. 2 clearly indicate that the / 
decay of the extra-conductivity o follows a hyper- 


bolic law of the type: / 
2 / 
= at+ po, (1) 
. ae io ~60 80 
where the slope a is practically independent of mm, Ww 


temperature, whereas the intercept Po (i.e. the 
- - . Fic. 2. Extra-resistivity as a function of time for three 
* A fast-decaying conductivity upon deformation has crystals deformed by the same amount (5 per cent) at 
already been reported by GyuLal and Boros‘4 different temperatures. 
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extra-resistivity at tf = 0) depends on temperature 
very strongly. A semilogarithmic plot of po as a 
function of 1/7 is given in Fig. 3: it is seen that 
po fits the equation: 


po = C exp (Q/RT) (2) 


with O = 0-45+0-05 eV and C = ~2~x 10®Qcem. 
According to Seitz the Gyulai—Hartly effect 
is due to the presence of positive-ion vacancies, 
which have been created by sections of the moving 
; “S 
20 





40 














3 3-4 36 
|O°/T, °K 
Fic. 3. Extra-resistivity extrapolated at t = 0 vs. 1/T 
Each point refers to a different crystal. Deformation 
was 5 per cent for all crystals. 


at ordinary temperatures, these 


through 


dislocations; 

vacancies are 
migration and association with vacancies of the 
Assuming that positive- and 
created 


subsequently removed 
sign. 
negative-ion vacancies 
numbers, and that only the former are mobile, 
equation (1) can be interpreted on the basis of a 
simple model. When interactions among vacancies 
are neglected, the rate of removal can be described 
by second-order kinetics: 


opposite 


are in equal 


—_ - = A exp 
at \ 


dn | E 


3, , 


where n is the number of excess vacancies present 
at time ¢, and F is the activation energy for migra- 
tion of positive-ion vacancies. By integrating 
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equation (3) one easily obtains the time dependence 
of the conductivity: 
I l A exp (E/RT) 
-=—-= t+ 
Co ne eo NoeLo 


(4) 


no being the number of excess vacancies present 
at t= 0, and w= po exp(—E/RT) being the 
mobility of positive-ion vacancies. 

By comparing equations (1), (2) and (4) and 
assuming that mo does not depend on temperature, 
we obtain directly the value of the migration 
energy for a positive-ion vacancy, 1.e. EF = O = 
0-45 eV. This figure is considerably smaller than 
that obtained from measurements of ionic con- 
ductivity and diffusion in undeformed crystals 
(0-68 eV).©) The discrepancy probably means 
that the vacancies responsible for the excess con- 
ductivity move in highly distorted regions of the 
lattice: as is known the interaction of vacancies 
with each other or with dislocations can result in 
a lowering of the migration energy. 

The behaviour of the initial effect (i.e. the 
sudden increase of conductivity during plastic 
deformation) was also investigated. Its main 
characteristics are: 

(a) The total charge passing through the crystal 
during deformation is proportional to the applied 
field.* 

(b) the effect is the same when the electrodes 
are painted on the lateral sides of the crystal, where 
no external forces are applied. 

(c) The effect does not seem to depend very 
much upon temperature down to — 100°C; below 
this temperature, however, it drops rapidly, 
almost vanishing at LNT. In our opinion the fast- 
decaying component of the conductivity is due to 
electrons liberated by the moving dislocations. 
However, further experiments are needed in order 
to confirm the electronic nature of the effect and 
eventually to explain the sudden reduction of 

, 


“‘shubweg”’ at low temperatures. 


Istituto di Fisica Dell’ Universita’ di Pavia 

and P. CAMAGNIT 

+Comitato Nazionale Ricerche Nucleari 

Centro di Ispra G. CHIAROTTI 

Italy A. MANARAt 
* This shows that the effect is not the e.m.f. observed 

by FISHBACK Nowick‘®) during inhomogeneous 


plastic deformation. 


and 
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Resonant absorption of gamma radiation 
in superconductors* 


(Received 7 March 1960; revised 19 April 1960) 


RESONANT absorption of gamma radiation: 2: %) 
(Mossbauer effect) in crystals may occur if the 
gamma ray recoil momentum is taken up by an 
entire macroscopic crystallite. This condition can 
be met for low energy gamma rays if the emitting 
and absorbing nuclei are embedded in crystalline 
lattices of adequately strong binding. Under these 
circumstances both the emission and absorption 
spectra have narrow peaks at identical energies, 
corresponding to no nuclear recoil, and the widths 
of these peaks approach the natural width of the 
excited level. Energy resolutions as large as 101 
Zn8i4 Fe®’,6) Per- 


the nucleus of order of small 


and 
the 


fractions of a eV are readily made evident by a 


have been observed in 


turbations at 


reduction in the amplitude of the nuclear resonance. 
These detectable shift: lay be as small as the 


average energy change per atom in superconduct- 


ing transitions (typically 10 eV 6) and suggest 


that resonance absorption may be used to study 


| 
the influence of superconductivity upon atomic 


nuclei. 


Several effects may influence nuclear resonance 


absorption in a superconductor. 
atomic volume and changes in the electronic con- 
the 


iguration may modify crystalline phonon 


* Work performed under the auspices of the U.S. 


tomic Energy Commission. 


Changes in the 
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spectrum. Such effects alter the effective Méss- 
bauer temperature and hence the no-phonon 
transition probability. A sum rule relating the 
gamma ray energy and the crystalline states to the 
no-phonon transition probability has been given 
by Lipkin), Variations in the magnetic field at 
the superconductor nuclei can alter the nuclear 
Zeaman splitting, thereby changing the resonance 
condition and therefore the transmission through 
a superconducting resonant absorber. 

Using the recently discovered resonance in 
the 77 keV gamma level in Au!%’ we have searched 
for those effects in the intermetallic superconduct- 
ing compounds AugBi and AuNb3. The AuNbg 
was prepared from commercially pure Nb and 
high purity Au by arc melting. The AugBi was 
formed by freezing a melt containing 70 weight 
per cent of Bi. The excess Bi was then dissolved 
out using nitric acid. X-ray studies of both com- 
pounds revealed only lines corresponding to the 
compounds. No lines corresponding to pure ele- 
ments were visible. Both compounds were pulver- 
ized and pressed with aluminum powder into 
1} in. diameter absorbers of thickness 265 mg/cm? 
of AueBi and 477 mg/cm? of AuNbg. Thus each 
absorber contained approximately 200 mg/cm? of 
Au, Au 
absorber. 

A source of 77 keV Au!%? gamma rays was pre- 
pared by neutron activation of enriched Pt!%, 


facilitating comparison with a pure 


) 


The resulting Pt!9’? decays by f 
18hr half-life to the 77 keV, 1-9 my sec level in 
ground state of 


emission with 


Au!9?, which then decays to the 
Au!97, Resonant capture of these 77 keV gammas 
was observed by measuring the transmission of 
this gamma ray through absorbing foils, first with 
the foils stationary and then with the source in 
motion relative to the absorbers. The speed used, 
1-34 cm/sec, has been demonstrated to be 
sufficient to Doppler shift the gamma rays by an 
energy greater than their natural width, thereby 
destroying the resonance condition. With a 200 
mg/cm? pure Au absorber the counting rate in- 
creases over the stationary counting rate by a 
factor of 7-7+0-5 per cent (after correction for 
background and unresolved X-rays). We denote 
this counting-rate change (resonance amplitude) 
by A. This resonance amplitude in pure Au is 
found to be independent of temperature from 


1:-6°K to #K. 
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Similar measurements were performed with the 
AugBi absorber in the temperature range 1-6 K 
to 4°K. The counting-rate change, A, above the 
superconducting transition was 5-5 +0-1 per cent, 
and this number changes by less than 0-2 per cent 
upon passing through the transition. Concurrent 
susceptibility measurements on a sample of AugBi 
from the same melt showed a superconducting 
transition at 1-76°K with a width of 0-1°K. This 
transition temperature is consistent with SCHOEN- 
BERG’s earlier value of 1°73°K®) and with the 
Leiden value of 1:84°K (quoted in Ref. 9). Fig. 1 
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The above results are consistent with the con- 
clusion that no change in nuclear 
absorption occurs in either AugBi or in AuNbg as 
a result of the superconducting transition. For the 
AuNbg the restriction on the change in the 
resonance strength is rather weak, while for the 


resonance 


AueBi it may be concluded that the resonance is 
changed by no more than 2-5 per cent. In terms of 
upper limits on a possible shift in the nuclear 
transition with the onset of superconductivity, 
one may state that the shift is less than 2 x 10-8 eV 


in AusBi and less than 4x10-7eV in AuNbs. 


JNITS 
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SCEPTIBILITY 
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TEMPERATURE (T) °K 


Fic. 1. Nuclear resonant absorption of 77 keV Au!9? gamma 


radiation in AugBi and the relative susceptibility of AugBi in 


the neighborhood of the 


background correction has 


been 


superconducting transition. No 


made to the resonant 


absorption points. 


shows the susceptibility (in arbitrary units) and 
A as functions of temperature. Temperatures 
were derived from helium vapor pressure using 
the 755 scale. 

Results similar to those obtained with the AueBi 
absorber were found for AuNbg. The transition 
temperature for this compound is reported to be 
11-5°K@ The Doppler shift velocity was again 
1-34 cm/sec. The value of A was found to be 0:74 
+0-2 per cent at temperatures below 4K, and 
0-50+0-26 per cent above the superconducting 
transition temperature. The latter measurement 
was made during slow warming of the cryostat 
following evaporation of the helium bath, and the 
transition was observed from the susceptibility 


change. 


Thus, in the case of AugBi, any perturbation at 


Au 


than the energy change per 


the nucleus cannot be appreciably greater 
atom in the super- 
conducting transition. (6) 
Based upon these results a novel experiment 
may be proposed. Nuclear resonance absorption 
has been observed in ferromagnetic materials.) 
This resonance may be destroyed by an external 
magnetic field of only a few G.@?) Suppose a ferro- 
magnetic superconductor“) is formed containing 
an element with appreciable hyperfine structure 
in which nuclear resonance occurs. Then, if this 
material is placed in a permanent magnetic field 
the resonance is destroyed, and may be restored 
simply by lowering the temperature through the 
superconducting transition point. The magnetic 
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field will be expelled by the Meissner effect and 
the conditions for resonance at least partially 
restored. The degree of restoration will provide 
information related to the Matthias—Suhl model of 
ferromagnetic superconductors, 4) 
While the experiment may be 
possible in an ordinary superconductor using a 


marginally 


suitably chosen isotope, (e.g. Zn®) the effect will 
be largest in a ferromagnetic superconductor. In 
ordinary superconductors the magnetic field re- 
quired to affect nuclear resonance will exceed the 
superconducting critical field. 

We are presently attempting to increase the 
sensitivity of nuclear resonance as a probe through 
the use of resonance scattering of narrow gamma 
rays. It appears likely that a probe for supercon- 
ductors may be made with a sensitivity approach- 
ing that which the Knight shift provides in ordin- 
ary materials. 
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On quadrupolar effects in alloys 
(Received 15 March 1960) 


IN A paper to appear shortly KoHN and Vosko 
explain the field gradients produced at the copper 
nuclei in the copper base alloys as due to the 
fluctuations of electronic 


oscillating density 


around the solute atoms. Their conclusions are 


in agreement with ROWLAND’s_ experimental 
work) on a series of copper base alloys. 

We wish to point out that we reached inde- 
pendently the same conclusions. Our work will be 
published in J. Phys. Radium.) It was initiated 
by the study of N.M.R. in cold worked copper 
done by AverBucH et al.@), who found a A factor 
of enhancement for elastic strain of the order of 
unity, against the value of 60 proposed by BLOEM- 
BERGEN. This result shows that the size effects 
cannot predominate in producing field gradients 
in alloys; it is in agreement with ROWLAND’s 
measurements’) which were not known to us. 

We have analysed the previous measurements 
by BLOEMBERGEN ROWLAND”) Al 


alloys: around each solute atom there are variations 


and on base 
of electronic density decreasing in r~* from the 
solute atom, as was pointed out by FRrEDEL®). 'T'o 
compute the field gradients we take into account 
the periodic structure by a simple extension of 
the Wigner-Seitz method in the presence of a 
solute atom; the free electron results for the field 
gradient, 

cos (2krv+¢) 


; 


(where « and ¢ depend only on the scattering at 
the Fermi surface) are then simply multiplied by 
a factor « which depends only on the matrix. The 
value of ja; obtained with orthogonalized plane 
waves is 5, while a value of 15 is needed to explain 
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the experimental results. In view of the approxi- 
mations made this result can be considered to be 
satisfactory. 

Our paper analyses the underlying assumptions 
in the use of the Wigner-Seitz approximation and 
in the computation of the field gradients. Our final 
method and results are essentially the same as 
KouHN’s. 

The main result of this study is to emphasize the 
importance of the long-range oscillations of 
electronic density, which can perturb the elec- 
tronic density at large distances from the solute 
atom. This confirms the results already obtained 
in the Knight shift of dilute alloys.) 


Service de Physique des Solides A. BLANDIN 
a, i J. FRIEDEL 
Faculte d’ Orsay 

(S. et O.) 
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Bismuth Fermi surface 
(Received 22 March 1960) 


AS AN ADDENDUM to the work on the single-OPW 
approximation in polyvalent metals,“) a prelimin- 
ary study of bismuth has been made. This does 
not add any striking new information on bismuth, 
partly because of the very extensive experimental 
work(?-®) which has given a great deal of informa- 
tion on the subject, partly because failure to include 
spin-orbit coupling explicitly leads to appreciable 
uncertainties, and partly because recent band 
calculations on bismuth by Mase‘ have allowed 
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him to give what I believe to be the correct dis- 
position of the Fermi surface within the Brillouin 
zone. It does, on the other hand, give another 
rather striking example of the insight that can be 
obtained by this very simple approach, and an 
illustration of the procedure for a case in which 
the lattice potential is quite important. What 
follows is a brief summary of this treatment. 

The single-OPW Fermi surface has been con- 
structed according to the procedures discussed 
previously.{.8) The single-OPW sphere contains 
10 electrons, since there are two pentavalent 
atoms per cell; this gives rise to segments of surface 
in bands 2-8. We expect that under the combined 
influence of the potential and of spin-orbit 
coupling this will be reduced to segments sur- 
rounding electrons in the sixth band and holes in 
the fifth, so we are interested only in the surface 
in these two bands. A section of these surfaces is 
shown in Fig. 1. The electron Fermi surface is 
expected to arise from either the surface B or the 
surface C. Experimentally it is known that the 
electron surface is elongated and is tipped slightly 
out of a plane perpendicular to the c-axis. It is 
clear from the symmetry of the point B that the 
addition of a potential and spin-orbit coupling 
could not give rise to such segments there, while 


Fic. 1. Sections of the Fermi surface in the fifth and 

sixth bands according to the single-OPW approximation. 

The dashed lines give the outline of the Brillouin zone. 

The segments of surface are continued out of the reduced 

zone in order to give a better picture of their shape and 

connectivity. ‘The section shown contains the c-axis 
and a principal reciprocal lattice vector. 
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also 


We 


surfaces 


might easily appear at C note 


two other electron may be 


generated from this one utilizing the three-fold 


symmetry around the c-axis. The hole 


presumably arise from the complex hole surface 


surfaces 


the modifications we propose may 


from the addition 


asonably be expected to aris¢ 
we frst 


Fourier 


a potential and spin-orbit coupling, 
j 
, 


Non-vanishing 


of the pote ntial exist for all reciprocal 


potential. 
vectors, JONI 3 has pointed out that with a 


movement of the two atoms in each unit 
cell with respect to each other, the Fourier com- 
ponents corresponding to wave numbers composed 
of odd numbers of principal reciprocal lattice 
vectors would vanish (they would have vanishing 
factor), and that in bismuth, such com- 
be th 
pointed out that this effect is not large 


umpbers, 


structure 


ponents will smaller than others. Jones 


for large 
wave-! but by keeping track of the struc- 
we see that 


than 


actors of interest in our treatment, 


components are significantly smalle: 
composed of even numbers of principal 
reciprocal attice vectors, and we do not include 
them explicitly. We assume that the 
magnitude V/K2, 
er and K is the magnitude of the 


oucn a 


components 


we keep have where V is an 


adjustable par 
1 


reciprocal form 


composed 


lattice vector in question. 


would be appropriate for a potential 
of Coulomb 
Proceeding as in our 4-OPW tre 
bands 3-6 at B 


bands having energ 


potentials on each atomic site. 
itment of alumi- 
ind bands 3-8 


far 


num,‘ 
It quit 
»S juile 


‘ 


irom t 


| Crmi energy al 


find 


the these points. 


we sixth band 
> and lowered at C 
rface at Bw 


ue of V which is 50 pe 


confirming 
ill disappear. 
cent larger 
that required to make the sixth-band energy 


at B drop below that at ( 


in the 


constant 


con 
} 


, and 


ne ishbor 100d 


] 


ing our procedure for treating alumi 


g our] ga 

1e resulting curves are shown in Fig. 2. 

The pointed portions of the 0-9175£p curve will 

» rounded off by the addition of the small matrix 
shape more like 


1 CHAMBERS 


that given 
The Cusps associated 
with the lines of contact with the fifth band remain 


sharp whe these are added. Addition of spin 
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orbit coupling, however, will lift the degeneracies 
associated with the lines of contact shown and 
introduce a tipping of the segments of electron 
surface. Spin—orbit coupling may also be expected 
to greatly reduce the unoccupied region of band 5 
(the hole region) which would be very large in 


the above calculation with no spin-orbit coupling. 


Fic. 2. Constant-energy curves near C according to a 
six-OPW 
elements neglected 
Fig. 1. The Fermi surface proposed by AUBREY and 
CHAMBERS is shown for comparison. £9 is the single 
OPW Fermi energy and ko is the singleeOPW Fermi 
wave number. The pointed ends of the 0:9175£o curve 


would be rounded by the inclusion of the small matrix 


approximation with certain small matrix 


The section is the same as that of 


elements. ‘The degeneracy represented by the lines of 


contact would be lifted by spin-orbit coupling. 


Finally, we examine the bands out of the plane 
shown in Figs. 1 and 2. We find that the energies 
of bands 5 and 6 rise together with the square of 
the displacement out of the plane of Figs. 1 and 2. 
This gives rise to segments of surface which are 
quite broad in this direction, though experi- 
mentally this is the narrowest dimension of the 
surface. Again, we may expect spin-orbit coupling 
to remove this discrepancy; the inclusion of spin 
orbit coupling does not couple bands 5 and 6 at C, 
but a matrix element between them appears away 
from the plane of C and increases linearly with 
displacement. We may expect this to narrow the 
surface in the sixth band significantly, as well as 
to reduce the unoccupied region in the fifth band. 

The final picture of the electron surface which 
we expect is shown in Fig. 3. The segments are 
located at the positions proposed by MASI (7) on the 
basis of his band calculations, but not in the posi- 


tions proposed by Jones“2), who places them at 
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B in Figs. 1 and 3. Mase) has proposed that the 
hole surface is located at A in Figs. 1 and 3, while 
Jones?) placed it at a position equivalent to D. 
Using the potential described above, a calculation 
of the bands along the line I-A indicated that the 


Fic. 3. The disposition of the electron Fermi surface 
at the centers of The 
approximately along lines perpendicular to and inter- 


hexagonal faces. segments lie 
secting the c-axis, but are tipped slightly toward the 
point I’. The sizes of the segments are approximately to 
scale. The figure represents a projection of the zone on 
a plane rotated 30° from that of Figs. 1 and 2 about an 
axis perpendicular to the c-axis and in the plane of 
Figs. 1 and 2. 


holes are located at a position between A and D, 
but the inclusion of spin-orbit coupling might 
move it either way. Without adequate inclusion 
of spin-orbit coupling, we are unable to shed 


further light on this question. 
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Spin resonance of electrons on donors in 
p-type silicon 


(Received 7 June 1960) 


WE HAVE observed paramagnetic resonance of 


donor impurities in p-type silicon. The experi- 


ments described here deal with processes occurring 


in compensated p-type silicon at liquid helium 
temperatures. 

It is well known?) that the 
impurities, such as P, As, Sb and Bi are para- 


*‘Shallow’’ donor 


magnetic when present in neutral state of charge 
in silicon. Their hyperfine splittings allow an 
easy distinction among the different donors. 

In p-type silicon, however, there is normally 
no paramagnetism associated with presence of 
donors as compensating impurities. These donors 
are positively charged having lost their electrons 
to the acceptor atoms. 

We have p-type 
crystals as indicated in Table 1. When kept in 
Upon 


used compensated silicon 


darkness no resonance was observed. 
illumination of the samples with light of about 
lu wavelength electron-hole pairs are produced 
through band to band transitions. One observes 
appearance of resonance absorption typical of the 
donor present as compensation. The amplitudes 
of the lines increase with the photon flux ab- 
sorbed, reaching With 


light removed the amplitudes of the lines remain 
g I 


eventually saturation. 
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unchanged for a period of at least several hours. 
The resonance is due to electrons captured by 


the donors which become neutral and _ para- 


magnetic. Once captured, the electrons cannot, 


THE 
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voltage. The holes must therefore be trapped, most 
probably at the boron centers which explains the 
very long time constants of the electrons on donors 
(Fig. 1). Dark conductivity of approximately 10° 


5 


Table | 


Room temperature 


Concentration of donors (cm~?) from 


resistivity (ohm—cm) 


boron doy 


stais were 


in a period of hours at helium temperatures, be 
excited into the conduction band and 
could only The 
photoconductivity and photo-Hall experiments 


thermally 
recombine with free holes. 


and 


aonors 


light 


among 
Before 


After light injection 


Distribution of electrons 


FIG l 


acceptors at helium temperature. (a) in- 


jection (b) 


performed also at helium temperatures indicate 
that the carrier concentrations, under illumina- 


tion never exceed 10’ cm~-*. These carriers are 


identified as electrons from the sign of the Hall 


Resonance Hall coefficient 
1014 
1015 

“1014 

x 1015 
1015 


1°: * 1015 
10)° 
1014 
1015 
1015 
101° b 
101° 


NAN we 


WwW al 


% 1015 


carriers-cm~* is not sufficient for fast recombina- 
tion of electrons and one observes an undiminished 
signal for a period of several hours. 

The maximum amplitudes of the resonance 
lines have been compared to amplitudes of signals 
from samples with known donor concentrations 
(n-type). Care is required to take under considera- 
tion passage conditions while comparing the 
amplitudes. ‘The concentrations obtained in such 
manner are listed in Table 1 together with the 
concentrations calculated from the Hall coefficient 
at low temperatures. Fair agreement of the two 
values, together with the behavior 
of the amplitudes with flux makes us fairly certain 
that we observe resonance due to all donor atoms 


saturation 


present. This method may be useful in determina- 
tion of compensation in p-type silicon, both as to 


the type and concentration. We believe that it 


provides a more accurate determination of concen- 
tration than the Hall effect measurements. 

In connection with these experiments we have 
estimated lifetime of electrons in p-type silicon 
at helium temperatures. This can be obtained 
from the steady state relation: 

n= fr 
where is the steady state electron concentration 
under illumination, f the flux of photons absorbed 
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and 7 the lifetime of electrons. The lifetimes thus 
obtained range between 10-9 and 10-8 sec and are 
approximately independent of the donor element 
present. With the additional knowledge of the 
concentration of donors we can estimate the cross 
section for capture of electrons at neutral acceptors 
(boron) to be of the order of 10-14 cm? at 1-2°K. 
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Colloque National de Magnetisme Commemoratif 
de l’oeuvre de Pierre Weiss. Centre National de la 


Recherche Scientifique, Paris. 325 pp 


COMMEMORATING the fiftieth anniversary of the 
publication by Pierre Wetss of his celebrated 
molecular field hypothesis, a Conference on 
Magnetism was held in Strasbourg in the summer 
of 1957. A volume has now appeared in which the 
papers and discussions which took place at that 
Conference are published. The impact which 
French science has had on the field of magnetism 
is universally recognized and is unparalleled in 
the history of science. Much of modern magnetism 

which has seen such an intense flowering in 
recent years—can be traced directly to Wi ISS, his 
students, and “‘grand-students’’ many of whom 
now direct the many laboratories in France de- 
voted in whole or in part to research in magnetism. 
The list of authors represented in this compilation 
includes a large number of scientific descendents 
of WeEIss and at the same time is a veritable Who’s 
Who in Magnetism. 


The first few papers are concerned with modern 


BOOK REVIEW 
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developments associated with concepts first intro- 
duced by Weiss. The introductory paper by NEEL 


perhaps the foremost and most distinguished of 


WEIss’s students—deals with the concept of mole- 
cular field and cites its importance in leading to an 
understanding of antiferromagnetism and _ ferri- 
magnetism as well as some tenable explanations of 
anomalies first observed by Weiss. Another paper 
by GUILLAUD and VAUTIER treats of another con- 
cept first advanced by We1ss—the domain—about 
which much new information has become available 
recently. The balance of the volume gives a good 
indication of the types of research currently in 
progress in the various French laboratories and 
covers a wide spectrum of magnetic effects. While 
it seems reasonable to suppose that most of the 
material contained in this volume will be published 
in one form or another in the various journals, as 
an up to date index of the extent, variety and caliber 
of the work in progress at perhaps the most im- 
portant geographical center of research in mag- 
netism, this volume should find its way into many 
a library with leanings towards magnetics. 
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Plansee Seminar “De Re Metallica’ 


R. HerMAN and R. Horstaprer: High-Energy Electron Scattering Tables. 


Stanford University Press, Stanford, California, 1960. 278 pp. Price $8.50. 


W. Hume-Rotruery: Atomic Theory for Students of Metallurgy. The Institute 


of Metals, London, 1960. 427 pp. Price 50s. 
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Plansee Proceedings, 1958. High Melting Metals (Papers presented at the Third 


Edited by F. Bengsoysky. Pergamon Press, 1959. xii+465 pp. Price £4. 3. 6. 


held at Reutte/Tyrol in June 1958.) 
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ON THE METASTABLE y-PHASE URANIUM 
MOLYBDENUM ALLOYS 


F. J. BLATT 
Clarendon Laboratory, Oxford.* 


(Received 9 March 1960) 


Abstract—The experimental data of CHANDRASEKHAR and HuLM (resistivity), of BERLINCOURT 
(Hall effect) and of GooDMAN et al. (specific heat) are examined within the framework of the band 
model suggested by FRIEDEL. It is shown that all available data are consistent with a reasonable 
density of states curve, and the qualitative features of that curve are in agreement with those deduced 
by FRIEDEL from the properties of pure uranium. Attention is directed to the thermoelectric power 
of these alloys as a means of further defining the band structure. Moreover, the thermoelectric power 


of certain uranium alloys may be large enough to be of practical interest. 


1. INTRODUCTION 
IN 1958 CHANDRASEKHAR and HuLM") reported 
measurements of the resistivity and supercon- 
ducting transition of a number of metastable 


y-phase uranium—molybdenum alloys. One of the 


interesting properties of these alloys is the mono- 
tonic decrease of their resistivity with increasing 
temperature over the range investigated, 4-300°K. 

The explanation for this anomalous behaviour 
suggested by CH is based on an expression given 
by Jones). That relationship is appropriate to a 
metal in which there are two overlapping bands of 
which one is very narrow. Such a band structure 
was shown to be reasonable for «- and y-phase 
uranium by FrrepEL“). Moreover, CHANDRASEKHAR 
and Hum found that this same model could also 
account fairly well for the superconducting pro- 
perties of the alloys. 

Recently BreRLINcourT™) remeasured the re- 
sistivities of a number of the alloys and also 
determined their Hall coefficients at 4-2 K, 77K 
and 300°K. The Hall coefficients of all samples were 
positive and, with the exception of one alloy 
(11-6 per cent Mo), showed a positive tem- 
perature coefficient 8 = (1/R)(dR/dT) of the order 
of 5 x 10-4/°K. 

* N.S.F. Post-doctoral fellow, on leave from Michigan 


State University, East Lansing, Michigan, U.S.A 
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BERLINCOURT concluded from what he consider- 
ed to be a rather slow variation of the Hall co- 
efficient R with temperature that the explanation 
for the negative temperature coefficient of resistiv- 
ity put forth by CHANDRASEKHAR and HuLM could 
not be correct because ‘“‘such parameters would 
lead to a strongly temperature-dependent relaxa- 
tion time for the broad band electrons and a 
correspondingly strong temperature dependence 
of the Hall with 
observation’. 
the following we shall show that FRIEDEL’s two- 
band model as employed by CHANDRASEKHAR and 
HuLM does, in fact, predict the observed tempera- 
ture dependence of the Hall coefficient. Indeed, if 


coeficient, in contradiction 


(4) That conclusion is in error and in 


anything it would seem at first sight that the 
temperature variation of the Hall coefficient is 
unusually rapid. 

We shall consider the resistivity, Hall coefficient 
and specific heat in that order and shall attempt 
to deduce from information a consistent 
picture of the band structure of the 


y-phase alloys. Finally, we shall turn our attention 


this 
metastable 


to the thermoelectric power of these alloys and 
show that a study of this phenomenon would be 
valuable not only in shedding further light on the 
band structure problem but may well prove to be 
of considerable practical interest. 
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2. POSSIBLE ORIGINS OF A NEGATIVE TEM- 
PERATURE COEFFICIENT OF RESISTIVITY 


An anomalous temperature dependence of the 


resistivity may arise in a metal from a variety of 


causes, and we shall here consider briefly a few 


of these. We shall assume that the conduction elec- 


trons form a degenerate gas, so that the con- 


ductivity is given by 


where 


e- 


(+(e) Ul €) 2N-(€)] (2) 
127°h? 


ale) L7\ 


I lere N, 


band, 


e) is the density of states in the conduction 


Ucl €) (1/A)V p< 


is the expectation value of the velocity of an electron 
of energy ¢ in the conduction band, and 7(e) is the 
relaxation time. It will be convenient to write 
[7(€)]-1 = ON#(c); here N7(e) denotes the density of 
final states for the scattering processes which limit 
the conductivity, and Q is a quantity containing a 
variety of factors such as the number of defects 
(phonons and impurities) and the matrix elements 
for transitions of an electron from an initial state 
in the conduction band to some final state, which, 
for convenience, we assume to be of the same 
energy « (i.e. we limit ourselves to elastic scattering 
only). 

In normal metals it is the variation of O with 
temperature that is responsible for the usual 
Bloch-Griineisen temperature dependence of the 
resistivity.) Departures from the Bloch-Griineisen 
law could arise from causes which we may classify 
as follows: 


(1) An explicitly temperature-dependent scatter- 
ing mechanism leading to an anomalous variation 
of O with 7. We would include here significant 
departures of the phonon spectrum from the 
Debye form; such departures will lead to deviations 
from the Bloch—Griineisen law. 

(2) A variation of Ny(e) with e sufficiently rapid 
to make the second term on the right-hand side 
of equation (1) of significant magnitude. 
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(3) A dependence of the band structure on 
temperature, leading to anomalous variations of 
Ny(e), Ne(e) and/or vc(e) with temperature. 


As an example of mechanism (1) we may cite 
the generation of vacancies in metals at high 
temperatures. These defects present scattering 
centers to the conduction electrons and are be- 
lieved to be responsible for anomalies of the 
resistivity near the melting point. 

The second mechanism is that considered by 
Jones). It is assumed that the band structure of 
the metal is such that two bands overlap near the 
Fermi energy. One band, which we shall call the 
conduction band for convenience, is presumed to 
be rather broad (effective mass roughly equal to 
that of a free electron), whereas the second band is 
assumed narrow. Moreover, it is further assumed 
that the density of states in the narrow band greatly 
exceeds that in the conduction band at the Fermi 
energy, and that this density of states is a sensitive 
function of energy. It is this model which we shall 
consider shortly in more detail. 

Finally, to turn to the third mechanism men- 
tioned above, a variation of the band structure with 
temperature could arise from several causes. First, 
if the band structure is very sensitive to the lattice 
parameters, thermal expansion of the lattice will 
surely reflect itself in an alteration of the energy 
spectrum with temperature. Also, the electron 
lattice interaction as such is known to affect the 
energy gap in semiconductors, and the same 
mechanism may well play an important role in 
metals also. This possiblity has been suggested 
recently by ZIMAN®), 


3. THE JONES-FRIEDEL-CHANDRASEKHAR 
AND HULM MODEL 

We assume that the band structure of a y-phase 
uranium alloy is as shown schematically in Fig. 1 
or Fig. 2. Fig. 1 shows the conduction and the 
narrow band as if both were of “‘standard”’ para- 
bolic form. Fig. 2 is the band model suggested 
by FriepeL®) for pure y-phase uranium. 

We shall now assume, as did Jones), that the 
only function which exhibits a rapid energy de- 
pendence near the Fermi energy is Nj(e), the 
density of states in the narrow ‘“f-band’’. We 
further restrict and simplify the analysis by assum- 
ing that the effective mass in this narrow band is 
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so large that the current is carried almost ex- 
clusively by the electrons (or holes) in the broad 
conduction band. Under these assumptions the 








Energy, € 
Fic. 1. Proposed band structure for y-phase uranium, 
standard band approximation. 





0% 
5x, O. alg 





Fic. 2. Proposed band structure for y-phase uranium, 
according to FRIEDEL. 


resistivity,®) Hall coefficient and thermoelectric 
power are given by the following expressions: 


4 (N,\8 N; in 
AT) = obw)|1—— e435! -(ar}]® 
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R(T) = Row,T) +—(kT)? - j 
1 
R(no,T) = — 
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In the above expressions each prime (‘) denotes 
differentiation with respect to e, and all quantities 
within the brackets are to be evaluated at yo, the 
Fermi energy at 7’ = 0°K. Equations (3)-(5) were 
obtained from the well known results for the trans- 
port coefficients) and the usual expansion of the 
relevant integrals in the degenerate limit. In the 
spirit of the Jones model, we have retained, how- 
ever, only terms of order (Nj Ny)? in equation (4) 
and have neglected terms of the form (N; nolVz) 
and (1/no)?. The corresponding simplification has 
also been employed in the derivation of equations 
(5) and (5a). 

If we further assume that the f-band is of 
standard form the above equations reduce to 


p(T) = p(n.) 


kT 


R(T) = R(q0,T) ve 


S( T) = S(n, T) 





Here AF is the energy difference between the 
Fermi energy at 7 =0°K and the edge of 
the f-band. Our previous assumption that 
N;/Ny > 1/no is equivalent, in this special case, 
to the assumption AE < np. 
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4. CORRELATION OF THE JONES-FRIEDEL 
CHANDRASEKHAR and HULM MODEL WITH 
EXPERIMENTAL DATA 
We shall now attempt to correlate the experi- 
CHANDRASEKHAR Hut, 
and et al,(10) the 
model for uranium. We 


“standard band” expressions, equa- 


mental results of and 
BERLINCOURT 
Fried l band 


shall use the 


GOODMAN with 


y-phas« 
well as the more general 
formulae, equations (3) and (4). We consider, in 
resistivity, the Hall coefficient and the 


tions (6) and (7), as 


turn, the 
electronic specific heat,“ and shall then attempt 


to deduce a consistent band model. 


4a. Resistivity 
The results of CHANDRASEKHAR and HuLM are 
Fig. 


(3) or (6) 


shown in 3, and these strongly suggest that 


equations are applicable to these alloys. 
In the temperature range between 4 K and 100°K 
the changes in resistivity appear to obey the para- 
bolic (i.e. T°) dependence on temperature pre- 
dicted by equations (3) and (6). At higher tempera- 
tures deviations from parabolic form are evident, 
and these may be due to a variety of causes. First, 
although at low temperatures it is reasonable to 
assume that p( no, /')is independent of temperature 

from the 
at elevated 


electron scattering arising primarily 
presence ot stationary imperfections 

temperatures electron—phonon scattering will play 
an important role. Consequently, since p(n, 7) is 
a monotonically increasing function of 7 (Bloch 

Griineisen function), we may expect just the sort 
of deviation from the form of equation (3) which 
the curves of CHANDRASEKHAR and HuLM show at 


elevated temperatures. Another possibility is that 


i 
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the band structure itself is temperature dependent; 
in that case we would again expect to find some 
deviations from the prediction of equation (3) at 
elevated temperatures. 

In ‘Table 1 we have summarized the parameters 
when we fit the curves of 


which we obtain 





Resistivity (micrc 











67 , 
fe) 100 20¢ 300 
Temperature ,°K 


Fic. 3. Resistivity vs. temperature for some metastable 
y-phase uranium alloys (according to CHANDRASEKHAR 


and HuLM). 


Table 1. Parameters of the narrow band of y-phase uranium—molybdenum alloys from 


resistivity results. 


Alloy, 
Mo concentratior 


(eV) 


{ ) 


11-6 (Be) 
19-7 (CH) 
22-0 (CH) 
25-3 (CH) 
28-0 (CH) 


(Be) From results of BERLINCOURT(4 


r 3(N¢/Ny)? —N?7/Nyz; 


equation (3) AE; equation (6) 
eV 


0-074 
0-078 
0-078 
0-086 
0-098 


(CH) From the results of CHANDRASEKHAR and HuLM'! 
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CHANDRASEKHAR and Hu_m and the one curve 
shown by BERLINCOURT to equations (3) and (6) in 
the temperature range between 4K and about 
100°K. We have not made use of BERLINCOURT’s 
resistivity data for his other two alloys because he 
measured the resistivities of his 21-7 per cent and 
30:5 per cent Mo alloys at three temperatures 
only. 

Although it is perhaps hazardous to attach much 
significance to the numerical values of the para- 
meter P2 = 3(N;/Ny2—N;/Ny which, in the 
standard band limit, is just (1/AF)?, it is possibly 
of some significance that this parameter changes 
monotonically with increasing molybdenum con- 
centration. If the band 
applicable to the f-band, we would conclude from 
Table 1 that this band is being filled gradually as 


standard model were 


we increase the molybdenum concentration, the 
Fermi energy moving farther from the band edge 
as molybdenum is added. 


4b. Hall effect 

BERLINCOURT’s results on the Hall effect of these 
alloys provide perhaps the best arguments against 
mechanism (1), i.e. an anomalous temperature 
dependence of the relaxation time, as the mechan- 
ism responsible for the negative temperature co- 
efficient of resistivity. For, contrary to BERLIN- 
COURT’s statement, a temperature dependent relaxa- 
tion time does not lead to a temperature de- 
pendence of the Hall coefficient, R, provided the 
surfaces of constant energy in the conduction band 
are nearly spherical. If the energy surfaces in the 
conduction band have a more complicated shape 
R may vary with 7 as the dominant relaxation 
mechanism changes from scattering by impurities 
to scattering by phonons. 

One must be careful, however, to distinguish 
between a relaxation time which is dependent on 
temperature and a relaxation time which varies 
rapidly with electron energy. In the latter case we 
see from equation (4) that the modification of the 
Fermi distribution with temperature can then 
lead to a temperature dependence of the Hall 
coefhicient. 

In fact, the alloys investigated by BERLIN- 
courRT™) display a rather pronounced temperature 


dependence of their zero-field Hall coefficients (see 
Fig. 4). Consequently, if we wish to ascribe this 
observation to an anomalous variation of r(e) of 
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the sort discussed earlier we should have to rely 
on mechanisms (2) or (3). 

The Hall coefficient of each of the three alloys 
studied by BERLINCOURT is positive, suggesting 
that the current in the conduction band is, in 


fact, carried by “holes” rather than electrons. 





Rx 10° (cm3/coulomb) 





100 i 200 
TEMPERATURE (°K 


Fic. 4. Hall coefficient vs. temperature of some metas- 
table y-phase uranium alloys and of pure 


uranium (according to BERLINCOURT) 


4-phase 


However one wishes to interpret the sign of R, 
the other information which we obtain from the 
data is that |R| increases with increasing tempera- 
ture, the behavior predicted by equations (4) and 
(7), regardless of the sign of R. We note, though, 
that although qualitatively the variation of R with 
temperature is correct (i.e. in agreement with the 
Jones—Friedel model), there would seem to remain 
a significant quantitative discrepancy, at least if we 
restrict ourselves to the standard band model, 
equation (7). From equations (6) and (7) we con- 
clude that the fractional changes in R and p with 
temperature should be closely related, the fraction- 
al change in R being half that in p. Instead, we 
find that the fractional change in R is roughly an 
order of magnitude larger than that in p (neglecting 
the surprisingly large effect observed for the 11-6 
per cent Mo alloy). Moreover, we note that 
whereas the predicted dependence of R on T is as 
T?, the data of BERLINCOURT seem to suggest 
a variation with temperature rather less rapid. 
(With only three points available, 4-2°K, 77K, 
and 300°K, it is difficult to deduce a temperature 
dependence.) The deviation from the expected 7? 
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Table 2. Parameters of the narrow band of y-phase uranium-molybdenum alloys from results on resistivity, 
p, and Hall coefficient, R. 


AE 
(eV) 
(from R vs. T) 


Alloy 
Mo conc 


{ ) 


0-068* 
0-02 
0-022 


11°6 (Be) 
21-7 (Be) 


30°5 (Be) 


(Be) From results of BERLINCOURT"™). 
* From temperature dependence of R in the limit H 


+ Estimated by extrapolating result shown in Table 1. 


behaviour is similar to the non-parabolic re- 
sistivity vs. temperature curves of CHANDRASEKHAR 
and HuLM. 

We have attempted to extract the appropriate 
band parameters from the Hall data. The results, 
shown in columns 2 and 3 of Table 2, are on even 
shakier foundations than those of Table 1. To 
obtain the results of Table 2 we have assumed 
that between 4:2°K and 77°K R(T) is given 
correctly by equation (4) or (7), and have made 
use of the values of R at 4-2°K and 77°K only. 
For comparison with the resistivity results we 
have listed, in Column 4, the AE values as ob- 
tained from the resistivity results. The disagree- 
ment between these two AEF values is so great 
that one must conclude that the standard band 
model cannot be applied to the narrow f-band. 

If we reject the standard band model and, 
moreover, accept the numerical results shown in 
Table 1 and the first three columns of Table 2, 
we may then proceed to deduce numerical values 
for the quantity N/'/Ny. The values of N//Nz so 
calculated are listed in column 5 of Table 2; in the 
last column we have given the values of this same 
quantity according to the standard band model. 
It is apparent that, according to the data which 
we have examined so far, the true shape of the 
f-band does not even resemble a parabola near the 
Fermi energy; not only are the magnitudes of the 
values in the last two columns of Table 2 quite 
different, but their signs are opposite. We note, 
moreover, that both N;/Ny and N7/N; are unusually 
large, so much so that the results must be viewed 
with considerable skepticism. These unreasonable 
magnitudes for the derivatives of Ny arise because 


N?/Ny 
(eV)-2 


(stand. band) 


AE 
(eV) 
(Table 1) 


N7/Ny 
(eV)-2 
(calc.) 
—5500 
— 620 
520 


+ 16300 
1700 
1480 _ 


0-074 
0-078 + 
0-11 + 


we have assumed that the variation of R with T 
is exclusively the consequence of the peculiarities 
of the density-of-states function. The field and 


(cm? /coulomb) 





Rx10° 








10 15 20 25 30 
H (kilogauss) 
Fic. 5. Hall coefficient vs. magnetic field of a metastable 
y-phase uranium alloy, containing 11-6 per cent Mo, at 
4:2°K, 77°K and 300°K (according to BERLINCOURT). 


temperature dependences of the Hall coefficient of 
the 11-6 per cent Mo alloy (see Fig. 5) suggest 
some sort of spin order in the y-phase, and it may 
well be this order which is in large measure re- 
sponsible for the Hall effect anomalies. 
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The behaviour of the 11-6 per cent Mo alloy 
is most perplexing at first sight. A clue to a possible 
explanation of the field dependence of R may be 
obtained by plotting not the Hall coefficient, 
R = Ey/JH, but the Hall field, Zy, per unit 
current density, J, vs. H. This set of curves is 
shown in Fig. 6, and the shape of the curves 


H, kilogauss 
Fic. 6. The Hall field per unit current density vs. 
magnetic field of the 11-6 per cent Mo alloy studied by 
BERLINCOURT. These curves, corresponding to measure- 
ments carried out at 4:2°K, 77°K and 300°K were con- 
structed from the curves given by BERLINCOURT, see 
Fig. 5. 


corresponding to 77°K and 300°K now appear 
qualitatively similar to the corresponding curves 
for the ferromagnetic metals and alloys.“1) This 
similarity suggests that the origin of the anomalies 
of the Hall effect, and possibly also of the re- 
Sistivity, may rest in a spin ordering in the y-phase. 











Surely spin-orbit coupling will be quite large in 
the heavy transition metals and this could result 
which are believed 


=) 


anomalous currents 


“ 


in the 
to give rise to the “extraordinary” Hall effect in 
ferromagnetic metals.“?) Measurements of the 
magnetic susceptibility of these alloys as function 
of alloy composition and of temperature should 
help elucidate this question, as would studies of 
neutron diffraction. 


4c. Electronic specific heat 

If, for the moment, we revert once again to the 
standard band assumption for the narrow band it 
then follows from Table 1 that N¢(no), being 
proportional to (AF)!?, should increase with in- 
creasing molybdenum concentration. The results 
of GoopMaN et al.“ which we have summarized 
in Table 3 show, however, that in the y-phase 
alloys N(no) decreases with increasing molybdenum 
concentration, showing again that the shape of the 


Table 3. Electronic specific heat and density of states 
of three metastable y-phase uranium—molybdenum 
alloys. _ 


N( oO) 10-22 
I (eV)-! cm=3 


4=C,/T 


K-? mol 


Alloy 1 
Mo cone. mJ 
(%) 


15-1 
14-9 
14-2 


17°8 
21:6 
29°6 


* According to GOODMAN et al,(19 





En 
(b) 


Fic. 7(a). Proposed band structure for «-phase uranium, according to FRIEDEL. 


(b). Proposed band structure for y-phase uranium, according to FRIEDEL. 
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narrow, high density-of-states band is not para- 
bolic. The magnitude of the electronic specific 
heat, some twenty times that of silver, clearly 
demonstrates that the density of states at the Fermi 
energy is indeed quite large. Presumably, this 


large density of states is attributable to the f-band. 


BAND STRUCTURE OF THE a- AND y-PHASE 
ALLOYS 

The band model proposed by FRIEDEL is shown 

in Figs. 7(a) and 7(b) and will serve as our guide 

in the following discussion. We first concentrate 

our attention on the y-phase alloys and summarize 


the pertinent conclusions. 


density of states and its derivatives at the 


as function of molybdenum concentration. 


Fic. 8. The 
Fermi energy 
Results 


resistivity 


depe ndence of 
} 
1 


deduced from 
Hall 


of the electronic specific heat 


temperature 


and coefhicient and concentration de- 


pend nce 


1. The density of states at the Fermi energy, 
N¢(no), is unusually large and decreases with in- 
creasing molybdenum concentration (specific 
heat). 

2. The logarithmic derivative of N; at the Fermi 
energy is also of exceptional magnitude and also 
decreases with increasing molybdenum concen- 
tration (Hall effect). 

3. The second derivative of Nr with respect to 


energy is positive at the Fermi energy; moreover, 
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N;/Ny decreases with increasing molybdenum 
concentration (resistivity and Hall effect). 

These conclusions are illustrated in Fig. 8. 

We have deduced the positive curvature of the 
f-band near the Fermi energy from Hall and 
resistivity data on the metastable y-phase uranium 
alloys. We agree here with FRIEDEL, who came to 
the same conclusion from considerations of the 
temperature dependence of the paramagnetic 
susceptibility of pure uranium. The agreement, 
however, is only qualitative, our numerical esti- 
mates for the slope and curvature of the f-band 
exceeding FRIEDEL’s by about an order of magni- 
tude. We have already commented on the unusual 
values of Ny/Ny and N;/N; as given in Table 2. 
We recall here again that these results were obtained 
with the aid of assumptions of questionable validity 


(spherical energy surfaces) and should therefore 


be viewed with some scepticism. Moreover, our 
conclusions are derived from data on metastable 
y-phase alloys between 4K and 300°K whereas 
FRIEDEL’s are based on the properties of pure 
uranium stable in the y-phase at a temperature 
near 1100°K: the quantitative difference is not 
surprising. Instead, it is perhaps rather gratifying 
that two quite different methods of analysis should 
lead to the same qualitative conclusions concerning 
the band structure of y-phase uranium. 

If we then accept this similarity between pure 
y-phase uranium and the metastable alloys, we 
may add to items 1, 2, and 3, above, a fourth 
statement which further defines the shape of the 
density-of-states curve near the Fermi energy. 
We may assume that the thermoelectric power of 
the metastable y-phase alloys is of the same sign 


as that of pure y-phase uranium, namely positive. 
From equation (5) (see also FRIEDEL’s equation 
6) we then conclude: 

4. The slope of Ny at the Fermi energy is 
positive. (Assumed sign of the thermoelectric 
power). 

Let us now consider the band structure which 
would be consistent with items 1-4. The picture 
which we obtain is very nearly the same as that 
given by FRIEDEL, and is shown in Fig. 9. As the 
molybdenum concentration is increased either 
the Fermi energy shifts gradually to lower energies 
(resulting in lower values of Ny, Ny and Ny) or the 
band structure is modified in such a way as to 


lead to effectively the same result as regards the 
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density of states and its derivatives at the Fermi 
energy. Quite possibly, both effects may occur 
simultaneously. 

We recall here that CHANDRASEKHAR and HULM 
also deduced that in the y-phase alloys N¢(no) 
decreased with increasing molybdenum concentra- 
tion, a conclusion since fully confirmed by the work 
of GOODMAN and co-workers. CHANDRASEKHAR 
and Hut arrived at their conclusion from ob- 
the transition 


servations on superconducting 








+_ — 


Increasing Mo con 


Fic. 9. One of the possible band structures for the 


metastable y-phase uranium—molybednum alloys con- 
sistent with available data. 


temperatures of the various alloys. Moreover, 
CHANDRASEKHAR and HuLM pointed out that this 
change of Ny with molybdenum concentration may 
quite possibly explain the rather weak dependence 
of the residual resistivities of the alloys on molyb- 
denum concentration. Normally, one expects 

and generally finds—that the residual resistivity 
of an alloy is proportional to c(1—c), where c is the 
solute concentration. The 
resistivity of the metastable y-phase uranium 
molybdenum alloys is not nearly as rapid as the 
c(1—c) relation predicts (see Fig. 10). We believe 
that CHANDRASEKHAR and HUuLM are 
their suggestion that the relative insensitivity of 


increase in residual 


correct in 


the residual resistivity to alloy composition may 
be accounted for by the fact that as the number 
of scattering centers increases with increasing 
there occurs a 


molybdenum concentration 
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Fic. 10. Resistivity vs. composition for uranium- 
molybdenum alloys at three different 
Most of the 4:2°K points are essentially coincident with 
the 77°K points in the y-phase region and are therefore 
CHANDRASEKHAR and HULM.) 


temperatures. 


omitted. (According to 


simultaneous decrease of the density of states in the 


f-band at the Fermi energy, thus reducing the 


transition probability for each individual scattering 
event. These two effects, acting in opposite 
directions on the residual resistivity, apparently 


nearly cancel one another. 





A possible band structure for the metastable 
this model may 


Fic. 11. 
y-phase uranium—molybdenum alloys; 
be appropriate if the absolute thermoelectric power of 


these alloys is negative 
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In the event that statement 4 above should 
prove incorrect we would need to revise our band 
model somewhat. The picture might then be 
more nearly as shown in Fig. 11. The Fermi 
energy is now located at a point at which the 
slope of the density-of-states curve is negative. 
In order that Ny, |Ny| and Ny decrease with in- 
creasing molybdenum concentration we would 
now have to stipulate that the Fermi energy shift 
to higher energies with increasing molybdenum 
concentration. Of course, in view of the relatively 
inadequate understanding of thermoelectricity in 
metals and the apparent sensitivity of thermo- 
electricity to the shape of the Fermi surface one 
would hesitate to interpret thermoelectric power 
data too rigidly. Quite possibly the question as to 
which of the two models (if either) is more nearly 
correct could be resolved better by a study of the 
soft X-ray bands of the alloys. Nevertheless, 
thermoelectricity of the alloys may be a rather 
interesting property to investigate. 

In the «-phase the residual resistivities of the 
uranium—molbdenum alloys are also not pro- 
portional to c(1—c). Here, however, the residual 
resistivity increases too rapidly with increasing c. 
CHANDRASEKHAR and HuLM have suggested that 
in this phase an increase in molybdenum con- 
centration enhances the density of states at the 
Fermi energy, and consequently the residual 
resistivity now increases not only by virtue of an 
increase in the number of scattering centers, 
the factor c(1—c) 
in the transition probability for each collision. 


, but also by virtue of an increase 


That N¢(70) increases with molybdenum concentra- 
tion in the «-phase is also consistent with the 
change in the superconducting transition tempera- 
ture with c.”) It may be more than fortuitous 
that as the limit of phase stability is approached 


(rougly 10 per cent Mo) the residual resistivities 


appear to approach the same value in both phases 
(see Fig. 10). This would seem to suggest that the 
limit of phase stability is related to the attainment 
of a critical, high density of states, a situation 
rather reminiscent of the Hume-Rothery rules. 


6. THERMOELECTRIC POWER 
According to equations (5) and (5a) the thermo- 
electric power of the metastable y-phase uranium- 
molybdenum alloys should be unusually large if, 
indeed, the correct explanation for the temperature 
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dependences of the resistivity and Hall coefficient 
is the one presented above, based on the Jones- 
Friedel band model. A measurement of the thermo- 
electric power would be of considerable value in 
further defining the form of the f-band, as was in- 
dicated already in the preceding section. If 
equation (5a) is an adequate approximation the 
magnitude of the thermoelectric power at low 
temperatures should be related simply to the 
temperature dependence of the Hall coefficient. 
The sign of the thermolectric power would serve 
to determine the sign of Ny (within the qualifica- 
tions mentioned earlier). ‘Thus, a knowledge of the 
thermoelectric power would serve as a valuable 
check on the suggested location of the Fermi 
energy in the band scheme proposed by FRIEDEL. 

A study of the thermoelectric power of these 
alloys may also be of some practical interest. We 
recall that recently MaAcDoNALD ef al.(3) have 
considered the possibility of refrigeration below 
helium temperature by means of Peltier cooling. 
They suggested that gold of very high purity may 
display the requisite properties which might make 
such cooling methods effective. It would seem that 
another likely candidate may be a uranium-— 
molybdenurn alloy near the «-/y-phase stability 
limit. From the data of BERLINCOURT we find that 
the ratio |N;/N;| is about 75 (eV)-! for the 11-6 
per cent Mo alloy (see Table 2). If this result is 
correct the thermoelectric power of that alloy 
should be about 7:5 wV/°K at 4-2°K, ie. nearly 
three orders of magnitude larger than that of 
“normal” metals at that temperature. It is con- 
ceivable that even larger values of |Ny/Ny| could 
be attained by suitably altering the alloy com- 
position. 

The disadvantage of these alloys as low tempera- 
ture Peltier cooling elements lies in their transition 
to superconductivity near 2°K. On the other hand, 
they might prove superior to gold in the range 
above 4K, and their preparation may not present 
metallurgical problems as severe as those en- 
countered in the preparation of ultrapure gold. 
The alloys should also be more desirable than 
semiconductors which generally do not perform 
well at low temperatures. 


7. CONCLUSION 
We may summarize the discussion with the 
statement that it appears possible to reconcile the 
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resistivity, Hall effect, and specific heat data on the 
metastable y-phase uranium—molybdenum alloys 
with the band model suggested by FRIEDEL. 
Modifications of that model may be required as 
new information (thermoelectric power, soft 
X-ray bands, magnetic susceptibility) becomes 
available. Also, we must not exclude the possibility 
that the anomalies discussed in this paper may 
find a more palatable explanation in terms of a 
model quite different from that adopted here. In 
particular the possible existence of an ordered 
spin structure in these alloys is suggested by the 
experimental data on at least one of the alloys. 
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Abstract—The { 
been investigated at liquid helium temperature. 


two tor m 


inganes 


absorption spectra of magnesium and of manganese in solid rare gas matrices have 
An absorption system of magnesium near 2850 A and 
e near 4000 A and 2800 A have been observed. These absorptions lie very close to 


the wavelengths of allowed atomic transitions and it is concluded on the basis of the evidence pre- 
sented here that the absorbing species are atoms which are, in general, trapped at more than one 


type of site 
Stat¢ the 


of the degenerac' 


1. INTRODUCTION 


IN RECENT there has been an increasing 


amount of activity in studies of “trapped radicals’’, 


years 


i.e. unstable molecular or atomic species stabilized 
in small concentrations in solid deposits of inert 
gases at low temperatures.“) Many molecular 
species of this type have been studied by optical 
spectroscopy and by electron spin resonance.) 
Only a very restricted number of atomic species 
had been studied by the “matrix isolation method”’ 
until a year ago. Trapped nitrogen and hydrogen) 
atoms had been investigated by electron spin 
resonance and nitrogen and oxygen atoms) had 
been studied in emission by optical spectroscopy. 

The study of atomic species by optical spectro- 
scopy has the advantage over the study of diatomic 
and polyatomic species in molecular crystal 
matrices inasmuch as the spectrum of the impurity 
atom may be expected to be much more sensitive 
to the immediate environment than diatomic or 
polyatomic molecules. The relatively high de- 
generacies which occur in atomic levels would, 


for example, be removed by lower than spherical 


* This research was performed under the National 
Bureau of Standards Free Radicals Research Program, 
supported by the Department of the Army 


+ On leave from the Department of Chemistry, Israel 
Institute of Technology, Haifa, Israel 


The crystal field causes the removal of the orbital degeneracy of the excited atomic P 
splitting energy is observed to be of the order of 300 cm~}. It is proposed that the removal 


is due to asymmetric environments of the trapping site. Possible sites are discussed. 


symmetry of the impurity site in the solid. This 
expectation is fully supported by the observa- 
tions on trapped nitrogen atoms.) The study of 


the absorption spectra of atoms dispersed in solids 


would then provide a tool for measuring the 
crystal field at a point in the crystal, similar to the 
way the crystal fields are studied in the investiga- 
tions of the optical) and spin resonance) spectra 
of impurity ions in ionic crystals. The correlation 
between the spectra of free atoms and those of the 
atom trapped in an inert gas matrix like solid 
nitrogen or the solid rare gases would be con- 
siderably easier than for the ions since the crystal 
field effects are here expected to be very much 
smaller, On the other hand the optical absorption 
spectra of atoms of elements which are volatile 
at room temperature lie in wavelength regions 
which are experimentally more difficult to work in. 
But the experimental techniques used to date in 
the matrix isolation method all rely on a high 
vapor pressure of the substance to be studied. 

It was in part the aim of this work to develop 
an experimental technique for the trapping of 
high temperature species in inert gas matrices at 
low temperatures, i.e. atomic or molecular pro- 
ducts of vaporization of substances which have 
vanishingly small vapor pressure at room tempera- 
ture. The apparatus developed allowed the de- 
position of the gaseous species in inert gas matrices 
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at 4:2°K if the parent substance had a vapor 
pressure of at least one » Hg at 1200°C. It has also 
how this should be 


become clear 


improved for future studies to give better quantita- 


apparat us 


tive control over the amount and concentration 
of the stabilized species and to make the technique 
applicable to substances which reach a vapor 
pressure of one » Hg only at even higher tempera- 
tures. 

The absorption spectra of manganese and mag- 
nesium atoms in inert gas matrices at 4-2: K were 
studied by using the technique evolved. These 
spectra are described and interpreted in later 
sections of this paper in terms of the crystal field 
perturbations and the sites occupied by the im- 
purity atoms. 


2. EXPERIMENTAL 
In Fig. 1 a schematic diagram of the evaporation 
furnace is shown. The copper electrodes, E, are 
soldered through kovar seals into a Pyrex tube, 








! 
U4 


UU~ 


Fic. 1. 


G. The other end of the Pyrex tube ends in a larger 
kovar graded seal which is soldered to a brass 
cylinder, B, provided with a flange, F. The copper 
electrodes are supported by an insulator, I. A 
tantalum boat was clamped between the ends of the 
copper electrodes and a brass cap, C, covered the 
boat and was held in position by means of a screw 
which clamped it to the insulator, I. The Pyrex 
tube, G, had a side-arm provided with a kovar 
seal to which a sintered glass twin lead-through, T 
was soldered. Thermocouple wires could be solder- 
ed into this lead-through. The cap, C, had an 
effusion hole, H, about 3 mm in diameter through 
which the atomic beam was directed to the cold 
deposition window. 

The tantalum boat was heated by currents of 


up to 70 A, at 5 V. A high current 110 V to5 V 
transformer was used for this purpose. The current 
was regulated by means of a rheostat in the primary 
circuit of the transformer, and the primary current 
was measured. The temperature of the boat was 
measured by using a chromel—alumel thermo- 
couple up to 850°C. The thermocouple was spot- 
welded to the tantalum. Above 850°C an optical 
pyrometer was used. 

The whole furnace assembly was held in a 
tubular sidearm of the helium dewar up to the 
flange, F. Rubber O-rings provided the vacuum 
seal around the brass cylinder, B. A shutter 
mounted in the sidearm allowed interruption of 
the flow of the hot vapor onto the deposition 
window. The beam of material admitted through 
the effusion hole, H, in the end face of the cap, C, 
impinged on the cold window at an angle of 45°. 

The matrix material was admitted through a 
tube which also made an angle of 45° with the 
face of the deposition window but was on the 





Evaporation furnace attachment for low temperature Dewar 
I I 


opposite side of the normal to this window. The 
cold window was a sapphire window which was 
clamped to a copper mount by means of indium 
gaskets to insure good thermal contact. The copper 
mount was screwed into the cylinderical bottom 
of the helium container of the Dewar. The flow 
rate of the matrix gas was regulated by a needle 
valve and reproducible flow conditions were pro- 
duced by reading the pressure on the low pressure 
side of the needle valve by means of a Pirani 
gauge. 

The growth of layer thickness of the inert gas 
on the sapphire window per unit time was deter- 
mined by observation of the interference colors 
when natural light was reflected from the window. 
The refraction of solid was 


index of argon 
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calculated by correcting the molar refractivity 
of the gas for density. This calculation gives a 
value of 1:24 for the refractive index of solid 
agreement with experimental 


argon, in close 


measurements,” and it is assumed that the indices 
of solid krypton and solid xenon lie between 1-25 
and 1-30. By using these values we find that the 
flow rates of the rare gases used here correspond 
to rates of increase in layer thickness as follows: 
argon 90 A/min to 1350 Amin 
krypton 110 A/min to 1650 A/min 
xenon 260 A/min to 3900 A/min 
The flow rate most commonly used was twice the 
the total The fastest flow 


rates used were fifteen times the slowest rates. 


lower limit of range. 

The rate of deposition of the metal atoms could 
only be crudely estimated in this experiment, 
although the vapor pressures‘) and the rates of 
vaporization”) are comparatively well known for 
the metals investigated. 

Comparison between the results of different 
experiments in this work show that the temperature 
of the metal was not reproducibly controlled. 
This is probably due to the fact that the tempera- 
ture of the metal differed appreciably from that 
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of the tantalum boat at the point of measurement. 
As a result, only crude estimates of metal atom 
flow rates and therefore metal atom concentrations 
in the matrices could be obtained here. 

The spectrograph used was a medium Hilger 
quartz spectrograph, with a slit width of 10. 
The light source was a Hanovia high pressure 
150 W xenon lamp. The emission spectrum of the 
iron arc was used for calibration. 

It seems appropriate to indicate briefly what 
improvements need to be made in the experimental 
set-up described here in order that the concentra- 
tion of trapped atoms in the matrix can be deter- 
mined and a higher degree of reproducibility of 
the vaporization conditions attained. Instead of an 
open boat a closed effusion cell must be used in 
order to ensure uniform temperature of the sample 
and, therefore, reliable temperature measurements. 
If in such an arrangement conditions of effusive 
flow prevail a knowledge of the geometry of the 
apparatus permits accurate determination of the 
rate of flow from the effusion cell. 


3. EXPERIMENTAL RESULTS 
The absorption spectra of dispersions of mag- 
nesium and manganese in solid matrices of argon, 
krypton and xenon were photographed in the 


Table 1. Summary of wave numbers of absorption lines of magnesium and 
manganese atoms in rare gas matrices at 4:2°K, 


(a) Magnesium 
Wavelength 


(A) 


Matrix 


Free atom: 
3s 14S — 3p 1P° 
Argon 


2852-120 


Krypton 


Xenon 





Wave numbers 


35051 

34640 (80) 
34920 (80) 
35300 (80) 
35540 (80) 
35810 (80) 
34700 (50) 
34970 (40) 
35130 (40) 
35380 (30) 
35590 (30) 
33840 (60) 
34050 (45) 
34240( 30) 


weak 

strong 

medium (poor contrast) 
medium (poor contrast) 
weak 

medium 

strong 

medium 

medium 

strong 

strong 

strong 
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(b) Manganese, I 





Matrix Wavelength Wave numbers Relative intensity 
(A) 





Free atom: 
a®S — zx 6P 4034-490 
4033-073 
4030-755 24802 
24810 (80) strong 
25040 (80) medium 
25210 (80) strong 
25440 (80) weak 
25680 (80) weak 
24600 (40) medium 
24980 (70) strong 
25210 (10) weak 
25310 (10) weak 
25630 (100) strong 
25970 (40) strong 
26220 (40) medium 
Xenon 23400 (240) weak, very broad 
24340 (70) weak 
strong 
5310 (70) strong 
5540 (70) strong 


Argon 


Krypton 


(c) Manganese, II 
Matrix Wavelength ‘ave numbers Relative Intensity 
(A) (cm7}) 


Free atom: 

a®S — y 6P° 2801 -084 
2798-270 
2794:817 


569 
26 
70 


Argon 
10 (70) very weak 


/ 
57 
5300 (70) very weak 
55 
57 


SO ( 70) strong 
9030 (50) strong 
9220 (50) strong 
490 (70) very weak 
9740 (70) medium 
1940 (70) weak 
5130 (60) very weak 
380 (80) very weak 
5640 (50) strong 
35830 (60) strong 
36050 (40) strong 

Xenon 34530 (80) medium 
34720 (50) strong 
34910 (40) strong 
35340 (100) strong, diffuse 
35540 (50) very weak 


cy See con Sah Sn Gre San i 


DAA 


Krypton 


WWW WW WD WD YW WH WY WH WH WD 
win 


Line widths are given in parentheses in units of cm~, following the wave numbers of 


the line centers in the same units. 
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Two ab- 


2400 A. 


sorption systems were observed for manganese 


region between 5000 A and 
and one for magnesium. These spectra remained 
unchanged over a wide range of concentrations, 
i.e. the spectra were not affected by changes in the 
rare gas flow rate by a factor of 15, as described in 
the preceding Section, nor by changes 1n evapora- 


the } 
tion rate o1 by at 


vapor pressure of the metal 
least a factor of ten. It can thus be concluded that 
the spectra observed remained unchanged over a 
range of concentrations which differed by more 
than a factor of 100. It is estimated that the con- 
centrations were of the order of from 0-5 mole 
per cent to 100 times less. Above a certain limit 
of temperature of the metal to be vaporized, or 
above a certain limit of evaporation rate, no 


discrete spectra were observed, but dots 


could then be discerned in the deposit. ‘These dots 


grey 


are presumed to be metallic particles. 


2,3 and 


The spe ctra observed are shown in Figs. 
4. The matrix material is given on the right of 
each spectrum and the atomic line or lines in the 
spectral region under study are indicated by black 
ink lines above the photographs. The spectra 
consist of broad lines, of width 30 cm~! to 70 cm! 
which are usually superimposed on a region of 
continuous absorption. The wave numbers of the 
centers of the lines are summarized in ‘Table 1, 


and those of the atomic lines are given tor com- 


parison. It is seen that in general the shifts in 


wave numbers from free atom to the matrix do not 


1 


exceed 1000 cm~! for the discrete components of 
the matrix spectra. 

In Fig. 2 the absorption spectra of magnesium 
in argon, krypton and xenon matrices are pre- 
sented. ‘The argon spectrum is very diffuse but 
careful examination of the plate shows indications 
of a triplet structure in the intense part of the ab- 
sorption. To longer wavelengths two weaker lines 
can be discerned, In krypton, five discrete lines 
are readily observable. Beginning at the short 


wavelength end the first three form a regular 


pattern with equal intervals. ‘The first two are of 
about equal intensity while the third is appreciably 


_ 1 
more intense. | he othe two lines are again weake Pp 


In the xenon matrix a clear triplet is observed. 


lhe center of gravity of absorption intensity in the 


matrix shifts progressively to longer wavelength 


with atomic weight of the matrix 


material. Relative to the free atom spectrum there 


Increasing 
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is a small shift to shorter wavelength for argon, 
almost no shift for krypton but a considerable shift 
to longer wavelength is observed for xenon. 

Fig. 3 shows the spectra of manganese in the 
rare gas matrices near 4000 A. Two photographs 
are shown for each matrix material with different 
absorption densities. ‘The argon spectrum consists 
of three relatively closely spaced lines with equal 
intervals and two weaker lines which appear to 
shorter wavelengths. Beginning from the short 
wavelength side the krypton spectrum contains a 
group of three about equally spaced lines of which 
the first one is weaker than the other two. The 
second group consists of two lines of which the 
first one is more intense. The weaker of these two 
lines lies at the long wavelength edge of the ab- 
sorption region. Between these two line groups 
there appear two very narrow weak lines. The 
xenon spectrum consists of a triplet of equally- 
spaced lines of similar intensities. 

The shifts of the spectra with reference to the 
spectrum are The center of 
intensity of the argon 


atom small. 
gravity of absorption 


spectrum is shifted slightly to shorter wavelength, 


free 


that of the krypton spectrum more so and the 


xenon shift is intermediate between 


those of the argon and krypton spectra. 


spectrum 


Fig. 4 shows the absorption spectra of manganese 
in the rare gas matrices near 2800 A. The argon 
spectrum consists of a group of three lines of very 
similar intensities and a pair of weaker lines to 
shorter wavelength. Two photographs of the 
different absorption 


krypton with 


densities are shown and it is seen that this spectrum 


spectrum 


consists mainly of a group of three lines of which 
the shortest wavelength component is weaker than 
the other two. In addition, a weaker line is dis- 
cernible to longer wavelength. The xenon spectrum 
is much more diffuse but some line structure is 
noticeable. ‘There seem to be again three lines on 
the long wavelength side and a broad intense line 
The 


gravity of the absorption intensity moves pro- 


appears to shorter wavelength. center of 


gressively to longer wavelength with increase in 
the atomic weight of the matrix material, such that 
the shift relative to the free atom spectrum is 
slightly to shorter wavelength in argon, almost 
zero for krypton but the shift for the xenon matrix 
longer 


is considerable in the direction of wave- 


length. 
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Fic. 2. The absorption spectra of magnesium atoms in solid matrices at 4:2°K. The spectra are marked 


according to the matrices used, A for argon, Kr for krypton and Xe for xenon. Alongside each spectrum 
an iron arc calibration spectrum is shown. Above the argon spectrum a single line indicates the position 
of the atomic magnesium line 


facing 
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Fic. 3. The absorption spectra of manganese atoms in solid matrices at 4:2°K. The 
spectra are marked according to the matrices used, A for argon, Kr for krypton and Xe 
for xenon. Alongside each spectrum an iron arc calibration spectrum is shown. Two 


photographs showing different absorption intensities are shown for each matrix. The 


position of the atomic triplet is indicated by a single line above the first argon spectrum 


since its width covers all three components in this dispersion. 
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Fic. 4. The absorption spectra of manganese atoms in solid matrices at 4:2°K. The spectra are marked 

according to the matrices used, A for argon, Kr for krypton and Xe for xenon. Alongside each spectrum 

an iron arc calibration spectrum is shown. ‘wo krypton spectra with different absorption intensities 

are also shown. The position of the atomic triplet is indicated by three closely-spaced lines above the 
argon spectrum. 
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It was obvious from the experimental observa- 
tions that for all matrices the short wavelength 
system of manganese absorbs with considerably 
greater intensity than the long wavelength system. 
In order to determine the intensity ratio of these 
two absorption systems we compare the deposition 
times which were necessary to attain similar ab- 
sorption intensities as determined by visual esti- 
mates directly from the plates. These comparisons 
were made on the basis of results obtained during 
the same experiment, the conditions of metal 
evaporation being kept constant. These estimates 
gave an intensity ratio of 4-0 + 0-3. The results 
were consistent within the limits of error given 
for all three matrices. 

For the case of the spectrum of manganese in 
krypton near 4000 A, observations were made at 
different temperatures after the deposit had been 
prepared at liquid helium temperature. As des- 
cribed above, this spectrum consists mainly of one 
group of three lines on the short wavelength side 
and a second group of two lines on the long 
wavelength side. The sample was allowed to warm- 
up and the spectrum was observed as a function 
of temperature. The group of two lines decreased 
markedly in intensity near 20°K and was no 
longer observable at 40 K. The group of three 
lines, on the other hand, disappeared only above 
50°K. It seems therefore that the two line groups 
are independent of one another and are character- 
istic of physically different and distinguishable 


species. 


4. DISCUSSION 
The ground state of the magnesium atom has 
therefore a 1S 


state.) The lowest energy of an allowed atomic 


the configuration 3s? and it is 
transition lies at 35051 cm~! and the excited state 
involved is the !P state of the configuration 3s3p. 
The ground state of manganese has the configura- 
tion 3d°4s*. The excited configuration 3d°4s4p 
gives rise to two ®P terms, to which transitions 
from the ®S ground state are allowed. These 
transitions consist of triplets whose components 
fulfill the selection rules AJ = 0, 1. The wave 
numbers of these transitions are given in ‘Table 
1(b). It will be seen that the separations between 
the observed triplet components in the free atom 
spectra are of similar magnitude as the observed 
line widths in the matrix spectra. It is therefore 
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~ 


not to be expected that these components will be 
resolved in this work. 

The nature of the absorbing species in this work 
It was observed that the 


le 


needs to be discussed. 
spectra remained unchanged over a 
range of concentrations, i.e. for concentrations 
differing by at least a factor of 100. The highest 


very WiC 


concentrations for which these discrete spectra 
were observed were estimated to have a con- 
centration of about 0-5 mole per cent. For con- 
centrations greater than this no discrete spectra 
were observed. This fact indicates that nucleation 
occurs in more concentrated dispersions of mag- 
nesium or manganese atoms in rare gas matrices. 
Metallic particles are thus formed and these do 
not have discrete spectra. It may thus be concluded 
that species which give rise to the discrete ab- 
sorption spectrum at low concentrations persist 
over a wide range of concentrations and disappear, 
presumably due to the onset of diffusion and met- 
allic nucleation, when the concentration of the 
dispersed species exceeds a critical value. It is 
further to be that the three 


absorption systems observed here lie very close 


noted electronic 


to the spectra of the free atoms. Furthermore, 
the multiplet structure of the spectra 1s such as to 
support the assumption that the absorbing species 
are atoms imbedded in the matrix. ‘The observation 
of triplets is understandable in terms of an 
field 


trapped atom in the excited P state. For cases 


asymmetric crystal perturbation on the 


where more than three components are observed it 


is proposed that more than one type of site is 


occupied by the atoms. This will be discussed in 
greater detail later in this Section. The conclusion 
that the absorbing species are atoms is further 
strongly supported by the observation that the 
absorption intensity ratio between the two mangan- 
ese absorption systems agrees with that determined 
from atomic emission spectra.“!) For the purpose 
of this comparison the reported atomic emission 
intensities have to be corrected for the energy 
difference between the emitting states, due account 
being taken of the effective temperature of the 
source. The intensity ratio determined here as 
described in the preceding Section is 4-0 + 0:3 
while that obtained from atomic emission spectra 
for the most intense line in each system is 3:7. 
It is to be noted that the intensities of the strongest 
not expected to be 


atomic transitions are 
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appreciably affected by the weak perturbation of 
the solid matrix.’ 

It has been described that for the case of man- 
ganese dispersed in krypton five principal spectral 
components are 4000 A. On 


warming the deposit two of these lines have been 


observed near 


observed to disappear near 20K whereas the 
remaining group of three lines persisted up to 
50° K. It must therefore be concluded that in this 
case the two line groups are characteristic of two 
different physical species. It is proposed here that 
these two species represent atoms of manganese 


located at different sites. One of these sites is 
asymmetric, i.e. the trapped atoms are perturbed 
by an immediate environment for which only 
twofold rotational symmetry axes exist. The second 
site has an immediate environment of higher 
symmetry, such that the perturbation causes a P 
state to split into two components. The low 
symmetry site is probably an impurity site in the 
lattice such that the lattice is strongly distorted 
in the neighborhood of the trapped atom. The 
higher symmetry site may be a surface site located 
on the surface of crystallites, at boundaries between 
crystallites, or in cracks or faults. A reasonable 
surface site would have hexagonal symmetry 
(point group C¢,) in the case of a cubic lattice, and 
a perturbation of this type would indeed split a P 
state into two components in a way similar to a 
perturbation of cylindrical symmetry. The assign- 
ment of the doublet absorption to a surface site is 
supported by the observation that the species 
responsible for this absorption disappears at very 
reasonable to 


low temperature. It seems 


assume that the energy of activation for diffusion 


very 


for a surface site is considerably lower than that 
for a site within the lattice. It is thus possible to 
account for the observed difference in stability 
of the 
possible explanation for the disappearance of 


two different sites on this basis. Another 


surface sites near 20°K depends on the fact that 
annealing processes have been reported?) in such 


low temperature deposits on warming. In this 


* Note added in proof: It has been pointed out to the 
Mg II are 


with the 


that two extremely intense lines of 
located 2800 A, 


spectra of the neutral atoms observed here. It is not 


author 


close to and may interfere« 


believed, however, that ionization is likely to occur in 


the evaporation furnace used as source in_ these 


experiments 


case the crystallites would grow in size at this 
temperature, decreasing the total surface area 
and most of the surface sites would be converted 
into sites inside crystallites. If this latter process 


were of major importance, the intensity of the 


triplet absorption feature should increase in 
intensity as the doublet fades. This has not been 
observed. Although the separability of a pattern 
of five lines into two groups of two and three 
components respectively has been conclusively 
demonstrated for only one case, it seems justified 
to assume that the situation is analogous in all 
cases where five lines have been observed. It is 
thus concluded that the trapped atoms are located 
at more then one type of site in most of the cases 
studied here. 

From Figs. 3 and 4 it is apparent that the spin 
orbit coupling in the free atom is small compared 
with the crystalline field splitting in the solid 
matrix. As a result we can in first approximation 
consider the splitting of the pure p-orbital and 
neglect the spin as has been done in our discussion 
so far. The subsequent introduction of the spin 
orbit coupling may cause an additional splitting 
of the orbital levels but this will, in the present 
case, only contribute to the width of the ab- 
sorptions. Comparison of the spectra of manganese 
in the solid matrices with those of magnesium 
shows that the absorption lines are of similar width 
which proves that the observed line width is, how- 
ever, determined by another factor, namely the 
distribution of crystalline field splittings. ‘The 
atomic sites in the solid matrix are clearly not 
sharply defined although the experiment indicates 
that the sites are not entirely random either. On 
the other hand, some part of the trapped atoms 
does seem to be situated at random sites and to 
these the underlying continua, upon which the 
discrete absorption features are superimposed, 
can be attributed. 

It is here proposed on the basis of the evidence 
presented that the excited P states involved in the 
transitions observed for magnesium and for man- 
ganese are split by the crystal field in the rare gas 
matrices. The perturbation energies for this inter- 
action range 200 cm=! to 400 cm~!. The 
shifts from free atom to matrix usually amount to 
less than 1000 cm~! and in no case do they exceed 
1500 cm~!. The crystal field intensity therefore 
seems to be of the order of one hundredth of that 


from 
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prevailing in ionic crystals. An alternate explana- 
tion of the splitting observed may be offered on the 
basis of a Jahn-Teller distortion of the lattice 
surrounding the excited trapped atom in the P 
state. The splitting energy observed here, however, 
seems too large if compared to corresponding 
splitting energies which have been ascribed to this 
effect in the ionic crystal case. (9) 

A few remarks concerning the observed energy 
shifts from free atom to matrix need to be added. 
It is seen that the magnesium transition and the 
higher energy manganese transition behave 
similarly in this respect. Both are slightly shifted 
to shorter wavelength in argon, are hardly at all 
shifted in krypton but undergo a considerable 
shift to longer wavelengths in xenon. The trend 
is towards longer wavelength with increasing 
atomic weight of matrix material with a small 
difference between argon and krypton but a large 
jump in going from krypton to xenon. ‘These two 
transitions are in the same wavelength region. 
The lower energy transition of manganese, on the 
other hand, shows a small shift for argon, a 
somewhat larger shift for krypton and again a 
smaller shift for xenon, all to shorter wavelength. 
This transition lies near 4000 A, or at longer 
wavelengths than the other absorption systems 
investigated. The energy shifts are probably de- 
termined by two opposing types of interaction. 
On excitation, the electronic charge cloud sur- 
rounding the trapped atom tends to expand and 
therefore may cause stronger bonding interaction 
with the matrix atoms thus tending to lower the 
energy. On the other hand, it has recently been 
shown(!4) that the surrounding ‘‘solvent”’ tends to 
restrict the electron cloud of the “solute” and 
thus raise its energy by a restricting box type 
effect. It is not believed that a scheme based solely 


on changes in polarizability“ of the trapped atom 
with electronic excitation can give a full account 
of the shifts observed. 
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Abstract—When films of silica containing one type of oxygen isotope are exposed at elevated tem- 
peratures to high pressure steam containing a second oxygen isotope, the oxygen in the film is re- 
placed by the isotope in the steam. The purpose of this study is to investigate the time, temperature 
and pressure dependencies of the exchange and to identify the oxygen-bearing species which diffuses 
from the steam into the silica. The concentration and distribution of the isotopes in the film are 
determined from the isotopic shift of one of the silica infrared absorption bands. Two models are 
proposed to account for the experimental results, and it is concluded on the basis of these models 
that the diffusing oxygen-bearing species is water. Because of independent experimental evidence, 
one of the two models considered is regarded as more likely. This model predicts the presence of 
silanol pairs, which are formed by the reaction between water and silicon-oxygen bonds, as well as 


water 


1. INTRODUCTION determine the extent of the exchange. In particular 
it was found that the exposure of a 6000 A O16 
film to O18 steam for five min at 923°K and 120 
atm resulted in a thirty per cent exchange even 
though the thickness of new oxide grown during 
this time interval was small (< 5 per cent) com- 
pared to the initial film thickness. Moreover, it 


WHILE oxygen exchange in silica has been pre- 
viously reported,“:*) very little quantitative in- 
formation has been given concerning the exchange 
process. The work to be described here is a study 
of the exchange of oxygen between silica and high 


pressure steam in the silica phase. The purpose 
was found that the thirty per cent exchange was 


uniform throughout the thickness of the film 
and the amount of exchange was independent of 


of this study is to investigate the time, temperature, 
and pressure de pendencies ot the exchange process 
and to identify the oxygen-bearing species which 
diffuses from the steam into the silica. Earlier the presence of the silicon substrate. The same 
results were obtained when the film initially 


experiments have shown that if a silica film, 
contained ©18 and was treated with O!% steam. 


I 
grown ON a silicon substrate and containing one 
It was concluded that some oxygen-containing 


type ot oxygen isotope 1S exposed to steam con- 
species diffuses into the silica film and diffuses 


taining a second oxygen isotope at 923° K and 120 
sufficiently rapidly to maintain a uniform concen- 


atm pressure, a considerable part of the original 
tration throughout the film. ‘The results obtained 


oxygen in the film is replaced by the isotope in the 
steam. While it may be expected that the extent here support the previously reported conclusions 
of the exchange in the film will depend upon the and furnish information concerning the kinetics 
time of exposure to the steam, the nature of the of the exchange process. They also indicate that 
dependence has not been investigated. Infrared the diffusing oxygen-containing species is water. 
transmission measurements of the isotopic shift ‘Two theories have been presented in the litera- 
in the 9, silica absorption band were used to ture for the state of water in silica. One is that the 
water exists primarily as water molecules.“ The 
‘This work was supported in part by the Signal Other theory assumes that the water reacts with 
Corps under Task 2 of Contract DA-36-039-sc-64618. — the silica to form internal silicon hydroxide groups 
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(silanol groups). A model is proposed which is 
consistent with the results of the exchange ex- 
periments. This model indicates that both water 
molecules and silanol groups are present in the 
silica. 


2. EXPERIMENTAL METHODS 

The general procedure used to study the 
exchange process was to expose silicon previously 
oxidized in O16 steam to a known oxide thickness, 
to O18 steam for short periods of time at various 
temperatures and pressures. Infrared transmission 
measurements were then made of the oxides at 
the 9-10 silica absorption band to determine 
the extent of conversion. By etching the silica to 
different thicknesses the distribution of the oxygen 
exchange in the film was determined. 

The silicon specimens prior to any oxidation 
were polished, single crystal, high resistivity 
(p > 50Qcm), oxygen free wafers oriented in 
the <111> direction. The above conditions were 
chosen since the oxidation rate of silicon is known 
to be sensitive to crystal orientation and large 
impurity concentrations.) The silicon and water 
are placed in small metal bombs and raised to the 
oxidizing temperature in a suitable furnace. The 
used is above the critical 


lowest temperature 


point of water (647K), so that the quantity of 


water used is just sufficient to reach the desired 
pressure at the oxidizing temperature. SiO1® 
films were grown from normal water which was 
purified by a double distillation in a silica still. 
The mixed (SiO!® and SiO}8) films were pre- 
pared by oxidizing a wafer bearing an SiO!® 
film in O18 steam. The O18 steam was produced 
from 90 per cent DgO!8 water after it was purified 
by a triple vacuum distillation. The lowest pressure 
which could be used, in the present work, was 
25 atm because of the small bomb volume (0-6 ml). 
The amount of water to be placed in the bombs 
to reach this pressure could be delivered with an 
accuracy of only + 5 per cent by using a pipette 
accurate to + 2x10-4 ml. 

The infrared measurements were made with a 
single beam, double pass spectrometer with a 
sodium chloride prism. The spectral half width 
at 9 is 0-05 uv. Transmission measurements were 
made by placing the sample in the exit beam of the 
spectrometer and by using the conventional 
sample-in sample-out technique. The samples 
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consisted of the polished silicon wafers with 
identical oxide films on the front and_ back 
surfaces. The wafers were made sufficiently thin 
(0-015 in.) that the product of the optical ab- 
sorption coefficient of silicon) times the thickness 
is less than 0-1 for all wavelengths between 1-5 
and 11-0. Therefore any absorption in the 9 
region will be primarily due to the silica films on 
the surfaces. The thicknesses of the silica films 
were determined from transmission interference 
fringes in the 1-6 region and published values 
of the refractive index for vitreous. silica. 
Previous measurements have shown these films 
to be vitreous silica. 8) 

It is known") that the transmission minimum of 
O16 silica at 9-2 shifts to 9-6 for O!8 silica. It 
is also known that the shift of this minimum in a 
case where the film contains both SiO!® and 
SiO!8 is proportional to the relative concentra- 
tion of either isotope. A measurement of the 
shift, therefore, gives the extent of conversion. 
It should be stressed that only the oxygen atoms 
which are chemically bonded to silicon atoms are 
of importance in these measurements. Since we 
are measuring the fundamental resonance vibra- 
tions of silica, the oxygen concentration which 
does not participate in the formation of SiOz will not 
have any pronounced effect on the wavelength of 
the fundamentals. The isotopic shift was deter- 
mined from a direct comparison of the treated 
samples, those containing two oxygen isotopes, 
with an untreated sample of only one isotope 
where all samples have the same oxide thickness. 
The measurements were made in this manner to 
eliminate the small effect that the oxide thickness 
has on the wavelength of the transmission mini- 
mum.) In the cases where the distribution of an 


isotope in a film was desired, the shift was mea- 


sured as a function of oxide thickness by thinning 
the films. The films were thinned by etching in 


dilute HF. 


3. EXPERIMENTAL RESULTS 

Six identical silicon samples were oxidized in 
O16 steam until an oxide layer of about 6000 A 
was produced in each case. Five of these specimens 
were then treated with O18 steam at 35 atm and 
923°K. Although a different time of treatment 
was used for each of the five samples, in each 
case the time was sufficiently short that the change 
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in the film thickness due to the growth of new 
oxide was small (< 15 per cent) compared to 
the original thickness. The transmission of the 
samples was measured between 8-0 and 10-5 yu 
and the experimental curves are shown in Fig. 1. 
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Fic. 1. Per cent transmission as a function of wave- 
length for six silicon specimens where each specimen 
has 6000 A SiQOg layer on the front and back surfaces. 
The t 


t give the time of exposure of Sif 18 to O18 steam at 


0 curve is for pure $i02°. The other values of 


923°K and 35 atm pressure 


The times indicated on Fig. 1 are the times of 
treatment in the O18 steam, and as can be seen, 
the shift increases continuously with time. The 
shift is estimated from the change in the position 
of the transmission minimum and is therefore 
limited by the accuracy with which the minimum 
can be determined. Fig. 2 shows the shift in the 
minimum as a function of time for the data given 
in Fig. 1. The points of Fig. 2 follow a time 
dependence of the type, 

S = S_(1—e—) (1) 


is the total 
possible shift for complete conversion (0-4 1), and 


where S is the measured shift, S, 
t is the time. The curve shown in Fig. 2 for 
a = 0-031 min“ lies well within the experimental 
error for all of the measured points. 
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A similar set of measurements was made to 
determine the pressure dependence of the ex- 
change. In this case, the samples were treated 
in O18 steam at 923°K for 10 minutes and at 
pressures from 35 to 150 atm. The solid dots in 
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Fic. 2. The dots give the shift in the transmission 
minimum as a function of exposure time for the samples 
of Fig. 1. The solid curve is a plot of S = Sx(1—e-*) 
where « = 0-031 min™!, S is the observed shift, and Sx 
is the total shift between SiO}° and SiO'® (0-4 ,). 


Fig. 3 show the shift of the minimum as a function 
of the pressure used during the treatment. The 
silica was then etched from the original 6000 A 
to 3000A and the shift in the transmission 
minimum remeasured. The measured shifts for 
this thickness are given by the open circles in 
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Fic. 3. Shift as a function of pressure for four samples of 
SiO!* films on silicon exposed to O18 steam at 923°K for 
10 min. The open circles give the shift for the sample 
after thinning the oxide layers from 6000 A to 3000 A. 
The solid curve is a plot of S = S«(1—e-?) where 
B 0:0085 atm7!. 


Fig. 3. In each case the shift for the two thicknesses 
agree within experimental error indicating the 
uniformity of the conversion with depth in the 
silica films. The data in Fig. 3 indicates that the 


pressure dependence of the shift is of the form 


S = S,(1—e-4?) 


and the curve shown is for B = 0:0085 atm~!. 
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Because the power of the pressure will be of parti- 
cular importance in the later discussion, Fig. 4 
shows a semilog plot of 1—S/S, vs. p and the 
experimental points clearly indicate that the shift 
is an exponential function of the first power of 
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Fic. +. A semilog plot of 1—S/Sx vs. the O!8 steam 
pressure for the data of Fig. 3. 


the pressure. The point at 35 atm in Fig. 3 
duplicates the pressure and temperature used in 
the shift vs. time measurements for the 10 min 
sample. The agreement of the shift in the two 
cases is indicative of the consistency of the 
measurements. 

The temperature dependence of the exchange 
has also been investigated. In these experiments 
the 6000 A silica films were treated with O18 
steam at 35 atm for 20 min and at temperatures 
between 773°K 973°K. Fig. 5 gives the 
results of these measurements where, as in the 
previous measurements, the open circles give the 
shifts when the silica films have been thinned to 
3000 A. The curve in Fig. 5 is a theoretical one 
and is discussed in the next section. 


and 
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4. THEORY AND DISCUSSION 

Two different exchange mechanisms are con- 
sidered each of which can give rise to an equation 
governing the exchange process which is in agree- 
ment with the experimental results. Since the 
exchanged oxygen is always distributed uniformly 
throughout the thickness of the films used in the 
present study, we will assume the following model 
for the diffusion mechanism. The water in the 
silica is in equilibrium with water in the steam 
phase and therefore the concentration of water 





The shift as a function of temperature. The O'8 
time is 
(9). 


Fic. 5. 
and the 
from 


pressure is 35 atm exposure 


The 


steam 
equation 


20 min. curve is calculated 
in the silica is proportional to the steam pressure. 
Water enters the silica from the gas phase and 
occupies interstitial sites. Once in these sites the 
water molecule can diffuse by moving to adjacent 
interstitial positions, and it can react with the 
silica to exchange its oxygen with that of the 
silica. The end result of the exchange process 
is the reformation of a water molecule, but the 
initial steps in the exchange process may result 


in the production of new species which will 


always exist as long as water is present. ‘The water 
moves through the lattice principally by inter- 
stitial diffusion, and at a much slower pace by 


the reformation of water molecules as a result of 


the exchange process. 

The over-all exchange equation without regard 
to mechanism is 
Ol6—Si= Si Si+ DeO!l® (3) 


DoO!8 + Si Ole. 


We will consider two mechanisms for the exchange 
process. The first is the reaction (3) with no 
intermediate compound formation. ‘This mechan- 
ism is the simplest one which can be proposed and 
will be developed in detail. It will be shown that 
this mechanism leads to exchange equations 
which are of the form of the experimental ones. 
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A second mechanism which does allow for inter- 
mediate compound formation is a reaction between 


the interstitial water molecule and a silicon 


oxygen bridge to form paired silanol groups. The 


slow step in the exchange is the condensation 


reaction of the air to reform water and the 


silicon oxygen bridge. The silanol groups have a 
permanent existence and are in equilibrium with 
the interstitial water. This mechanism also leads to 
equations which are consistent with the experi- 
mental results, and is considered the more likely 


of the two because of independent experimental 


evidence for the existence of internal silanol 


groups in silica. It is known that when water is 


adsorbed on the surface of silica gel the water and 


silica %) Tt has also 


react to form silanol groups.“ 


been observed in the high pressure steam oxidation 


of silicon that there ssure at any 


1 1 . 
which silica cannot pe 


been attributed to the forma- 


acids caused by a large concentra- 


groups.) ‘The silicic acids are 


steam phase. The existence of silanol 
ilso been proposed from an infrared 


study of the 2-7 w band in silica. 
An equation governing the exchange can be 


derived for the first mechanism by assuming a 


action involving water in solution in the silica 
1. bonds where the exchal oC 


juation (3). If at a time f¢ 
016_Sj is O16. of DoO18 


is ©1!8 and of DoO!® is 


ky O16018— ky O18O 16, (4) 


where k; is bimolecular constant for the 
that the 


immobile. 


rate 
assum¢ d 


have 


Si bridg« are 


exchang¢ process. We 

the Si—O 
ial values of ©!® and O18 are a@p and Cs, 
O18 = C,, OK = y 


result from the 


time ¢, Ol ag 
pas (. ‘These values 
assumption that the steam surrounding the speci- 
men 1s in equilibrium with the water in solution 
in the silica. The value of O18 is reduced by the 
exchanged ©18, The 


of the equilibrium assumption and because of the 


©18 remains at C, because 


uniform distribution in depth of the exchange. 


The O!6 concentration remains near zero as this 
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species diffuses out of the silica and becomes 
diluted by the gas phase. Under these conditions, 
equation (4) becomes 

lV 

ki C (ao y), 

it 
where y is the ©!8 concentration, C, is the solid 
solubility of water in silica, and ap is the total 
concentration of ©O16+ O18, The solution of (5) 
is 


if 1 exp( Cskit)], 


and since the shift is proportional to y/ao, 
S = S,fl 


exp( Cskt)], (6) 


where ¢ is the time of treatment. Equation (6) is 
(1) with 


\ssuming Henry’s law holds, the con- 


identical to the empirical equation 
y. ky( ee 
centration of water in the gas phase is proportional 
to the concentration of water in the silica, and we 
have 

(HQ) silica 

Ky, 

(HoeQO) gas 
where Ky is the distribution coefhicient between 
water in the gas phase and the silica phase. Since 
to a good approximation pV nRT, and Cy 
n'V, then 


AM, 


AS) 
er) 


exp|{- 


} exp| 


(/) 


where AH, is the enthalpy of solution of water in 
silica, AS; is the entropy of solution and p is the 


steam pressure. Equation (6) becomes 


phit 


AS; 
RT R | 


exp exp 


AH; 


er) |} wi 


exp 
At constant temperature C; bp, and (8) is of 
the form 


S S_[1—exp(—kbtp)]. (9) 


Equation (9) is identical with the empirical re- 
lationship (2) used to obtain the curve in Fig. 3; 
the value of k)bt is 8-5x10-3atm-!. By using 
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the value of k}C,; = 3-1 10-2 min determined 
from the shift as a function of time, with ¢ = 10 
min and p = 35 atm, one obtains k,bt = 8-9 x 10-3 
atm~!, which is in good agreement with the value 
given by the pressure measurement. 

In order to fit the data for the shift as a function 

of temperature, equation (8) may be expressed as 
[ r AS; 

— exp] — exp 

RT R 


Rpt 


(10) 


| AM +E. 
(«x»| - = |) ]} 


plot of log xT vs. 1/T where « is defined by 


—e%t), The values of « are obtained from 


the data given in Fig. 5. 
where ky = k; exp(—E4/RT) and E4 is the acti- 
vation energy for exchange. If we let 
AH, +E 4 


kip AS 
Rr 


an P| R exp( — 


and plot log «7 vs. 1/T the result should be a 
straight line assuming that the apparent activation 
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energy is temperature independent. The values of 
% are obtained from S = S,(1—e-**) and the 
experimental shifts given in Fig. 5. The points 
calculated for the five temperatures of measure- 
ment are shown in Fig. 6. As can be seen the 
points lie close to a straight line. The slope and 
intercept of the line were calculated by using the 
method of averages and the value of « obtained 


Was 


3-6 x 106 21,400 


(11 
RT 


}min I 


molecules 
cm? 
and the apparent activation energy is AH,+£ 4 
21,400 cal/mol. The curve in Fig. 5 was cal- 


culated with (11) and ¢ = 20 min. In 
also the agreement is quite satisfactory. At the 


this case 


present time, the authors have been unable to 
find estimates of AS; and AA. 

The second mechanism for exchange involves 
two reactions. The first is a fast reaction between 
an interstitial water molecule and a silicon oxygen 
bridge to form a silanol pair 


D2018 + Si—O16_ Si “***.. Si—O16D + DO18—Si, 


(12) 


followed by a slow condensation reaction within 


the silanol pair to form an exchanged oxygen 


bridge and an interstitial water molecule. 


Si—Ol6D + DO18—Si *°* Si—O18—Si + DoO!16, 


(13) 
The exchange rate is limited by the rate at which 
the paired silanol groups decompose and leads to 
an equation of the form of equation (10) if the 
concentration of silanol pairs is small compared to 


ay, the concentration of silicon—oxygen bonds. 
hoot AS; +ASo 

S = S,{1- exp] =~ €59 
| R17 R 


xX | ex eelemamnien meee , 
*” RT y 
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where the quantities AS» and AH are the entropy 
and enthalpy changes for reaction (12) respectively. 
At the present time, no estimate for AS»: or AH» 
can be made. 

The two silicon ions in a Si—O—Si bridge are 
at a fixed distance from each other. If this bridge 
reacts with a water molecule to form a silanol 
pair, another oxygen ion and two hydrogen ions 
must be inserted between them. This can only 
happen if the imposed strain is relieved by a shift 


in the positions of the ions in their immediate 


vicinity to decrease the void volume of the silica. 
In effect the silica would assume a more ordered 
quartz-like structure in the neighborhood of the 
silanol pairs. There is, in fact, a difference of 
20 per cent in the void volumes of quartz and silica, 
the latter structure having the larger volume. 
According to this picture the stability of the silanol 
pair once formed, is due to a partial transition 
from the metastable silica structure to a thermo- 
dynamically stable quartz form. Therefore, the 
assumption, that the condensation of the silanol 
pairs is the slow step, is reasonable. 

Thus the mechanisms we have considered lead 
to equations for the shift that are of the same form 
as the experimental equations and have the correct 
pressure, time and temperature dependencies. 
In both cases the reacting species is water which 
diffuses into the silica and is in equilibrium with 


the gas phase. The first mechanism will allow 
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only for the existence of water in the silica, and 
the second, and more likely, mechanism predicts 
the presence of silanol pairs as well as water. 
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Abstract 


Single crystals of silver with (110), (001) and (111) planes parallel to the surface, have 


been bombarded by positive ions of argon having an energy of 130 eV at constant temperatures in 
the range 100—400°C. Transmission electron diffraction patterns obtained from thinned regions in 
the crystals show that disoriented crystallites and stacking disorders are caused by the bombardment. 
The effects due to disoriented crystallites decrease in intensity as the temperature of bombardment 
increases, It is shown that the disorientation increases with increasing current density of ions and the 
change in disorientation with annealing is studied. The application of the results to the problem of 
producing clean surfaces by ion bombardment is discussed. It is shown that thermal annealing is not 
sufficient to account for the change in disorientation with bombardment temperature. The possibility 
is examined that point defects introduced by bombardment accelerate annealing. 


1. INTRODUCTION 


TRILLAT”) showed that a single-crystal film of gold 
is progressively converted into a random poly- 
crystalline aggregate by bombardment with 12 keV 
positive ions. A similar effect was studied in detail 
by Ocitivie®) for thin single crystals of silver 
which had (110), (001) or (111) planes parallel to 
their surfaces. These crystals were bombarded 
at a number of ion energies in the range 12 eV- 
3 keV at a temperature always less than 80°C. 
It was shown that many small crystallites appear 
in the region of the surface of a crystal after 
bombardment, the orientation of these crystallites 
being related to the present parent orientation by 
tilts about axes lying in the plane of the surface of 
the crystal. These tilts may be as large as 35° but 
are usually less than 15°. 

The experiments described below were carried 
out to determine in what way the disorientation 
caused by ion bombardment changes with the 
temperature of the crystal and the current density 
of positive ions. In addition, the way in which the 
annealing after 


disorientation is removed by 


bombardment was investigated. 


* Division of Tribophysics, C.S.I.R.O., Melbourne. 


2. EXPERIMENTAL PROCEDURE 

(a) Preparation of specimens 

Three single crystals of silver were made by casting 
in a graphite mould.*) These crystals were in the form of 
thin sheets approximately 5 x 2:5 cm which were then 
electropolished") to a final thickness of about 0-1 mm. 
One crystal had (110), another (001) and the third (111) 
planes nearly parallel to the surfaces of the sheets. Thin 
areas in each crystal were made by further electropolish- 
ing a small area of the crystal until a hole formed. This 
area was roughly defined either by holes in a protecting 
acrylic layer or by the cross section of small jets of 


electropolishing solution.) 


(b) Apparatus 

Argon ions were generated in an apparatus based on 
the Philips ionization gauge at a pressure of 1-2 x 10-3 
mm Hg. This apparatus and its method of operation 
have been described previously.'°) Ions of 130 eV energy 
were used was known!) that marked 
orientation occurred at this energy if the 
temperature was below 100°C. Preliminary experiments 
established that if the specimen temperature was main- 
tained at or less than 100°C, bombardment with 5 x 1017 
ions/cm? was sufficient to give maximum disorientation. 


because it dis- 


specimen 


Therefore, the crystals were always bombarded with at 
least 10!" ions/cm? to ensure that a steady state had been 
achieved. 

rT’ o . 

Ihe specimens were heated in three ways: 

(i) By bombarding with ions alone; for example, when 
a current density of 35 mA/cm? of ions was collected 
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by the specimen its temperature rose to, and remained 
steady at, 400°C 

(ii) By attaching heavy leads to the crystal and passing 
large currents through it. 

(iii) By electron bombardment using a bare tungsten 
filament placed near the crystal and with 600 V between 
crystal and filament, a current of 7°5mA/cm? was 
necessary to maintain a temperature of 400°C; a shield 
crystal and the filament to 


was placed between the 


prevent any evaporated tungsten condensing on the 


crystal 


(Cc) Ve thod 
The crystals were treated in the following ways: 
(i) With the 

bombardments were performed at 100°C and then in 

steps of 50°C up to 400°C. Above 400°C 
diffraction patterns were not obtained; this may have 


crystal heated by the discharge alone, 


good electron 


been due to the loss of the thin areas caused by surface 
tension. The bombardment time from 30 min 
at 100°C (current density 0-4 mA/cm‘?) to 5 min at 400°C. 

with a 
the high 


varied 


(11) Some bombardments were carried out 
series of high current pulses so that, despite 
current densities, the temperature of the specimen did 
100°¢ 

temperature of the 111 


250°C by 


not rise above 
The 


constant at 


held 


heating for 


(iii) crystal was 


auxiliary resistance 
positive ion currents in the range 2°86 « 10!° ions cm? /sec 
to 1-43 


(1v) 


10/6 ions cm? ‘sec 
\fter some bombardments a crystal was annealed 
than 


by electron bombardment at a pressure of less 


10-4mm Hg. 


(d) Electron diffrac tion 


Electron diffraction patterns were obtained from thin 


areas of the crvstal near the holes, using 50 kV electrons 


Although similar patterns were obtained from different 
any given series of experiments the 
place. An area 


areas in a crystal, in 


patterns were obtained from the same 


was considered satisfactory for diffraction if each pattern 


from it had the when the electron 


that is 


correct symmetry 


beam was perpendicular to the surface when 


that part of the crystal giving the diffraction pattern was 
to the rest of the 


rotated with respect 


1] 
not appreciaDl\ 


Stal 


3. RESULTS AND INTERPRETATION 
(a) The effect of specimen temperature on disorienta- 


t10n 


1, 3 and 5 are transmission electron 


diffraction patterns obtained from the crystals 
with (110), (001) and (111) planes parallel to the 


Figures 


surface after bombardment at various tempera- 
tures. Figs. 2, 4+ and 6 show the arrangement of the 
spots obtained from an unbombarded crystal. 
The diagrams also show the positions of the streaks 


and certain extra spots which appear in some 


and 
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diffraction patterns. The remaining spots, arcs, or 
rings in the diffraction patterns are due to dis- 
oriented crystallites and the orientation relation- 
ships between the crystallites and the parent 
crystal have been discussed in detail elsewhere. 2) 

The patterns illustrate that the disorientation 
produced in the crystals by bombardment pro- 
gressively decreases as the temperature of the 
crystal during bombardment increases. 














Fic. 2. Diagram showing the arrangement of spots ob- 
having (110) 
parallel to the The 
position of the streaks obtained after bombardment are 


tained from an unbombarded crystal 


surface with indices inserted. 


also shown. 


In Fig. 1(a), obtained from the 110 crystal 
after bombardment at 100°C, there are almost 
complete spotty rings passing through spots with 
indices of the form 111, 002, 220 and 113 (see 
Fig. 2). Further out from the centre of the pattern 
(which is at 000) short spotty arcs are present. A 
proportion of the crystallites, therefore, appear to 
have random orientations and the remainder have 
a preferred orientation. 

In Fig. 1(b), obtained after bombardment at 
250°C, only occasional spots appear in place of the 
well defined rings of Fig. 1(a). Short arcs pass 
through some of the spots; for example the 111, 
113 and 331. 
crystallites occupy a much smaller angular range. 
In this pattern there are sharp streaks passing 


Consequently, the disoriented 
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Fic. 1. Transmission electron diffraction patterns from the 
silver crystal with surfaces parallel to (110) bombarded 


with 1019 argon ions at 130 eV 


(a) Temperature during bombardment 100°C, current (c) Temperature during bombardment 300°C, current 


density equivalent to 3-12 « 10!° ions/cm?/sec density equivalent to 6:5 x 101 ions/cm*/sec. 


(b) Temperature during bombardment 250°C, current (d) Temperature during bombardment 400°C, current 


density equivalent to 1-43 « 1016 ions/cm? /sec density equivalent to 2:2 x 10!? ions/cm?/sec. 


facing p. 204 
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Fic. 3. Transmission electron diffraction patterns from the 
silver crystal with surfaces parallel to (001) bombarded 


with 101° argon ions at 130 eV 


(a) Temperature during bombardment 100°¢ (c) Temperature during bombardment 350°C. 


(b) Temperature during bombardment 200°¢ (d) ‘Temperature during bombardment 400°C. 
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5(c) 5(d) 


Fic. 5. Transmission electron diffraction patterns from 
the silver crystal with surfaces parallel to (111) bom- 
barded with 1019 argon ions at 130 eV. 


(a) Temperature during bombardment 150°C. (c) Temperature during bombardment 350°C 
(b) Temperature during bombardment 250°¢ (d) Temperature during bombardment 400°C, 





7(a) 7(b) 


Fig. 7. Transmission electron diffraction patterns from the 
crystal with its surfaces parallel to (111) 


(a) Bombarded with 5 sec pulses of 130 eV argon ions (b) Annealed for 10 min 


at a current density o 


intervals 


f 2-2 


101% ions/cm®?/sec at 1 min treatment 


Fic. 8. Transmission electron diffraction patterns from 
the crystal with its surfaces parallel to (111) bombarded 


with 10!% argon ions at 130 eV. Temperature of bom- 
bardment 250°C, current density equivalent to 2:86 x 10% 
ions/cm?/sec, bombardment time 1 hr. 


at 


400°C 


after the 


above 
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through the primary spots parallel to a line drawn 
between the 002 and the 002 spots. Less intense 
streaks pass through the [11 and the [11 spots 
towards the centre of the pattern. This suggests 
that disorders exist in the crystal on planes per- 
pendicular to the direction of the streaks and 
hence perpendicular to the crystal surface. These 
planes are {100} and {111}. It is likely that the 
disorders on the {111} planes are stacking faults. 

Figures 1(c) and 1(d), obtained after bombard- 
ment at 300 C and 400°C respectively, are very 
nearly identical and no rings, spots on the rings, 
or arcs through the primary spots can be seen. 
On the other hand the streaks which appear in the 
250 C pattern (Fig. 1(b)) are still present. That is, 
disorientation is almost absent while stacking 
faults are still present. 

Figure 3(a), obtained from the 001 crystal after 
bombardment at 100°C, shows intense arcs. The 
innermost arcs (lying on the 111 Debye—Scherrer 
circle) imply a minimum rotation of the crystal- 
lites, with respect to the parent crystal, of at 
least 35°. In the outer parts of the pattern there is 
a tendency for the spots from the crystallites to 
appear at the centres of the squares defined by the 
primary spots; that is, a preferred orientation is 
present. 

Figure 3(b), obtained after bombardment at 
200°C, shows little evidence of disorientation; 
very few spots, other than the spots from the 
parent crystal, can be seen. Diffuse streaks forming 
a cross centred on a primary spot—for example the 
240 spot (Fig. 4)—can be distinguished. Clearly, 
disorientation after 200°C is 
much less than after bombardment at 100°C. 

Figures 3(c) and 3(d) (350 C and 400°C 
respectively) show little evidence of disoriented 
This implies that the tilts of the 


bombardment at 


crystallites. 
crystallites must be less than 9°. Diffuse crosses 
centered on the spots can be distinguished; for 
example, the 400 spot in Fig. 
tend to be obscured by the 


3(c). These crosses 
diffuse blackening 
around each primary spot but they are most easily 
seen in the 350 C pattern. The arms of the cross 
are directed parallel to <110>. Since no pattern has 
been obtained in which the streaks extend all the 
way between two primary spots, it is unlikely 
hat these streaks are due to random disorders on 
(110) and (110) planes. 


The streaks can be accounted for if stacking 
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faults exist on {111} planes. Such faults would 
produce rods in reciprocal space passing through 
the lattice points in (111) directions. Electrons 
with 50 kV energy were used to obtain the diffrac- 
tion patterns and this implies that the distribution 
of intensity in the diffraction patterns is, to a 
first approximation, a map of a plane in reciprocal 
space perpendicular to the electron beam and 
passing through the origin. A random crystallite 





e 











arrangement of 
having (001) 


parallel to the surface with some indices inserted. The 


showing the 


Fic. 4. 
obtained 


Diagram spots 


from an unbombarded crystal 


positions of the diffuse crosses obtained after bom- 


bardment are also shown 

will probably have some reciprocal lattice points 
lying close to the map plane and if the crystallite 
contains faults on all {111} planes the rods passing 
through a given lattice point will intersect the map 
at four places. If the electron beam is passing 
within a few degrees of the [100] direction these 
points will be arranged near to the corners of a 
square. ‘The define 
directions which lie very close to [110] and [1 10}. It 


diagonals of the square 
has already been shown that the orientations of 
crystallites in the surface of a bombarded silver 
crystal are predominantly related to the parent 
orientation by tilts about axes lying 1n or near the 
mean plane of the surface.@) Imagine that the 
reciprocal lattice of each crystallite is super- 
imposed on the reciprocal lattice of the parent to 
give a composite diagram. In this diagram the 
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reciprocal lattice points of the parent crystal lying 
in the plane of the map are at the middle of arcs 
centered on the origin and perpendicular to the 
map; that is to the photographic plate. Each point 
on these arcs (each of which decays in intensity with 
distance from its centre) would be associated with 
four spots on the plate; thus successive points on the 
arcs correspond with successive sets of four spots 
on the photographic plate. Hence, stacking faults 
on {111} planes of the crystallites would produce 
a cross on each primary spot on the plate, with 
the arms of each cross parallel to (110) and (110) and 
decaying in intensity with distance from the spot. 
Another possible explanation of this effect is that 
(110) and (110) planes have slightly variable 
spacings. The authors prefer the first explanation 
because more direct evidence for 111 faults has 
been found with the 110 crystal while the variable 
interplanar spacings necessary to account for 
this effect are unlikely in silver. 

Figure 5(a), obtained from the 111 crystal after 
oc, many 
very 


bombardment at shows intense 


short arcs implying a marked preferred 
orientation. There is an almost complete, though 
faint, ring occupying the position of the 111 
Debye-Scherrer circle with intense short arcs 
lying on it. This implies that some crystallites are 
tilted through an angle of at least 18}° with respect 
to the parent crystal. 

Figure 5(b), 
250°C, is essentially the same as Fig. 5(a) except 


obtained after bombardment at 
that the arcs have contracted almost to spots and 
there is no sign of any rings. This implies a very 
accurate preferred orientation of the crystallites. 
There are still some crystallites with a tilt of at 
least 18} 

In Fig. 5(c), 
350°C, the arcs have degenerated into spots and 


obtained after bombardment at 


decreased in intensity particularly near the centre 
of the The 


clearly smaller. This trend is continued in Fig. 


pattern. maximum angle of tilt is 
5(d) where there is practically no evidence for 
tilted crystallites in the The diffuse 
straight lines in the pattern are almost certainly 


Kikuchi lines, implying that considerable per- 


pattern. 


fection exists in the diffracting volume. 

The evidence presented above shows that dis- 
orientation produced by bombardment with 
argon ions decreases with increasing temperature 


of bombardment and becomes very small when the 


and 
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temperature rises to 400°C. However, the change in 
temperature was achieved by varying the ion 
current to the specimens, and, although at each 
temperature the bombardment times were such 
that disorientation was a maximum, it is possible 
that the ion current directly exerts an influence 
on the disorientation rather than indirectly 
through the temperature of the crystal. Con- 
sequently, a number of bombardments were 
performed with high current pulses. 

Figure 7(a) is a diffraction pattern from the 111 
crystal obtained after bombardment with 5 sec. 
pulses of 2-2 x 1017 ions/cm?/sec at 1 min intervals. 
The specimen temperature oscillated between 
60°C and 100°C. There is an almost complete, 
though faint, spotty ring—occupying the position 
of the 111 Debye—Scherrer circle 
short arcs lying on it. There are many intense 
short arcs in other parts of the pattern. This pattern 
is not very different to the 100°C pattern (Fig. 
5(a)), where ions were continuously incident on 
the crystal and the same total number of ions were 
collected in the same time, although the peak 
current was that used previously to maintain 
the crystal at 400°C. The decrease in disorientation 
with increasing ion current and resultant increase 


with intense 


in temperature is therefore due to the influence 


of the specimen temperature and not directly to 


the higher current densities of ions. 


(b) The influence of current density on disorientation 

at a given temperature 

These experiments were performed to determine 
if changing the mean current density of ions 
bombarding the crystal changed the resulting 
disorientation when the temperature of the 111 
crystal was maintained at 250°C. By using re- 
sistance heating the ion current could be reduced; 
the minimum current used was equivalent to 
The diffraction pattern 
(Fig. 8) shows a regular pattern of relatively 
faint spots which are identified in Fig. 6. There is 


2°86 x 101 ions/cm2/sec. 


no sign of rings or arcs due to disoriented crystal- 
lites. The outermost members of the array of 
extra occupy positions which could be 
accounted for if a strongly preferred orientation 
existed.@) However, the inner spots are displaced 
toward the centre of the pattern from the predicted 
the 


spots 


position by an appreciable distance. As 


crystal was tilted about a direction parallel to 
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the photographic plate, the spots moved in a 
direction which was perpendicular to the tilt 
axis. This displacement was largest for the inner- 
most spots. Assuming that all the spots in the array 
arise from a common cause it follows that in re- 
ciprocal space the lattice points are connected by 
rods which are perpendicular to the surface of the 
crystal. Consequently, disorders exist on (111) 
planes (those parallel to the surface of the crystal). 
These disorders are likely to be stacking faults. 








e_ 
* 224 


404 








Fic. 6. Diagram showing the arrangement of spots ob- 


tained from an unbombarded crystal having (111) 


parallel to the surface. The positions of the spots caused 
by stacking faults on (111) planes are shown by small 


crosses. 


Figure 5(b) was obtained from the same crystal 
after a bombardment with five times the current 
density at the same temperature. Here there is 
marked disorientation. In addition to the features 
already described previously (Section 3(a)) three 
spots lying just inside the position of the 111 
Debye-Scherrer circle can be seen. These occupy 
the same positions as the innermost spots of the 
array in Fig. 8. The spots can be found in all the 
other patterns given in Fig. 5, and there is no 
marked change in intensity with temperature of 
bombardment. 

After bombardments made with intermediate 
current densities the diffraction patterns showed 
different extents of disorientation, there being a 
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regular decrease in disorientation with decreasing 
current density. 

Some bombardments of a 111 crystal were made 
using current densities down to 3-1 x10! ions 
cm?/sec where the temperature of the crystal was 
less than 100°C. Under conditions the 
disorientation was considerably less than for the 
100°C bombardment (Fig. 5(a)) and was inter- 
mediate between the 250°C and 350°C patterns 
(Figs. 5(b) and 5(c)). 


these 


(c) Annealing experiments 

The 111 crystal was bombarded at 100°C. After 
bombardment the diffraction pattern, which was 
similar to Fig. (5a), showed that the maximum 
angle through which crystallites were tilted was 
at least 20°. The crystal was then given a series of 
short annealing treatments at 250°C using electron 
bombardment heating. Electron diffraction patterns 
were obtained after each anneal. After annealing 
for one minute the diffraction pattern was practic- 
ally unaltered; the maximum tilt was still about 
20°. A further ten minutes annealing caused a 
change; the maximum observed tilt was then 12°. 
After heating for one hour no tilted crystallites 
were detected in the diffraction pattern which 
implied that the maximum tilt was less than 4. 

Figure 7(b) was obtatned from the 111 crystal 
after a 10 minute anneal at 400°C. The crystal 
before annealing gave the diffraction pattern of 
Fig. 7(a). The pattern (Fig. 7(b)) shows that the 
disorientation is considerably reduced after anneal- 
ing. All spots on the 111 Debye—Scherrer circle 


have disappeared and elsewhere in the pattern 


many arcs have entirely disappeared. Although 
some crystallites are tilted through at least 9} 


most have considerably smaller tilt angles. The 
however, | still 
found after bombarding the 


disorientation _ is, considerably 
greater than that 
same crystal at 400 C (Fig. 5(d)). The spots 
identified in Section 3b as being due to stacking 
faults on (111) are very faint in this pattern. 


4. DISCUSSION 
The results show that the disorientation pro- 
duced by ion bombardment is markedly depend- 
ent on the temperature at which the bombardment 
is carried out. Furthermore, it seems clear that if 
the temperature of a crystal is maintained constant, 
an increase in the bombardment rate increases 
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the disorientation. Consequently, in order to 


produce by bombardment a clean surface of a 


specimen which 1s in addition little changed by the 


high and low current 


densities should be used. Cleaning of surfaces by 
] 
i 


treatment, temperatures 


10n bombardment has already been 


vy investigated.(®:7:8) These studies were 


made with about 
10-100 wA/cm 1014 


cm2/sec. For a 111 silver crystal the disorienta- 


densities of 
1013_6 


ion current 


that is from 6 


] + 
tion resulting from a bombardment current of 


50 wA/em2 (3 x 1014 


appreciable. This « 


ions/‘cm?/sec) is still quite 
urrent is considered) to be 
about the minimum, using 100 eV ions, necessary 


1 
O Malntain a clean surface in a system in which 


pressure of adsorbabl« 
| 
mm Hg. 
< . a ses 
nnealing atte D ardmge reduces 


evide nce of a 


partial 


| impurities 


the 
new 


disorientation. no 


+ 


consequence Ol annealing 


that the 


texture appe y as 
therefore 11 

absorbed by the parent crystal; 

evidencs rystallization. 

in the diffraction 


from the 


aling spots anc 


ral parts 


dis ippeal 
the pr riphery. Therefore, 
making large 


absorbed before 


ng trom 
crystallites angl Ss 
cry stal tend to be 


s with the parent. 


the series of diffrac- 


g@ temperature ol 
bombardment. does not necessarily 


follow that the smaller disorientation accompany- 
¢ higher bombardment temperatures is primarily 
absorption of 


of the 


an increasing rate of 

The following rough estimate 

on the surface 

it travels 

through test this 
possibility. 

KOEDAM) — has termined the number of 

incident positive 


300 eV 


] ° 
numbel 


silver atoms eject d 


argon ion in the energy range 50 using 

(the 
When 
heated t\bardment alone at 250°C the 


111 crystal 1-43 x 1016 ions 


cm2/sec and this gives the rate of removal of silver 


polycrystalline pecimens. ‘This 


sputtering y1 about 0-6 at 130 eV. 
by ) bon 
Was bombarded by 


to have been about 1000 A/min. It was shown by 


GiLLaM"®) that a layer depleted in one constituent 


and 
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appeared at the surface of a bombarded alloy 
specimen and the thickness of this layer varied 
from 30 A to 80 A depending on the type of ion 
and its energy. This surface layer was disoriented 
in a similar fashion to the surface of a silver crystal. 
Consequently that the 


crystallites at the surface of a bombarded silver 


this would suggest 
crystal are not likely to extend more than about 
100 A into the crystal. If the thickness of the dis- 
oriented layer on the surface of the crystal is about 
100 A then the material in the disoriented layer 
at a given instant during the bombardment has all 
been removed from the specimen 6 sec later. 

that 


negligible absorption of crystallites takes place in 


The annealing experiments demonstrate 


one minute at 250°C. After 10 minutes, absorption 
of a proportion of the crystallites had taken place; 
those tilted through large angles tending to disap- 
pear first. It is clear that absorption (due to anneal- 
ing) is not fast enough to account for the decrease 
with increasing 


but it 


in disorientation temperature 
; 


when the current density is high; is likely 


that this process becomes increasingly important 


with smaller current densities. It is possible, 
however, that the rate of absorption 1S increased 


by processes occurring during the bombardment. 
Point de fects are probably introduced in large 
uring bombardment into a thin layer 


the 


numbers ¢ 
face ol crystal because it has been 


that 


at the sur 
1 
such defects can aggregate to 


(11,12) 


established 
form stacking faults and the electron diffrac- 
tion patterns show evidence of considerable fault 
Mechanisms by which bombardment by 


luce 


density. 


} 


heavy particles might proc point defects have 


been described.(:14-15) Evidence(@® has accumu- 


lated to show that a high concentration of point 


defects can accelerate local or micro-diffusion. 


Furthermore, hardening by point detects can be 


reduced by plastic deformation.“” But there is 
little evidence to show that a high concentration 
of point defects tends to accelerate annealing of a 


damaged metal. If it is assumed that the mechan- 


ism by which tilted crystallites are formed is 


independent of temperature, then the decrease in 


h increasing (no 


disorientation wit 


temperature 
auxiliary heating) would be mainly due to grain 
the presence of a large 


the 


experiments do not give evidence to justify the 


growth accelerated by 


concentration of point defects. However, 


above assumption and it is possible that the rate of 
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formation of tilted crystallites or the rate at which 
they tilt is dependent on temperature. 


5. CONCLUSION 
Silver crystals develop disoriented crystallites 
in their surfaces after bombardment with positive 
ions of argon with low energies. ‘These crystallites 
tend to have preferred orientations. Stacking 


faults also appear after bombardment. The range of 


angles occupied by the disoriented crystallites 
decreases as the temperature during bombardment 
is increased, and also decreases as the current 
density of ions decreases. 

It is suggested that point defects are introduced 
into the crystal by the impact of ions on its surface. 
It is shown that grain growth due to simple anneal- 
ing is not fast enough to account for the decrease in 


disorientation with increasing temperature of 


bombardment. Therefore the possibility that 


annealing can be accelerated by the presence of 


point defects is considered and this possibility 
qualitatively fits the facts provided that the 
mechanism by which crystallites form is indepen- 
dent of temperature. 
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Abstract—Additively colored alkali halide crystals are placed between current blocking electrodes 
and an increase in the capacitance and conductance of the crystal is found on illumination. A 
measurement of these quantities at frequencies between 2 and 1000 c/s has shown that the observed 
behavior follows quite closely a linearized theory developed by J. Ross Macpona.p. The region 
of application of the theory has been examined experimentally, and results show that the theory 
may be used for larger applied voltages than assumed in the theory. An analysis of the experimental 
data indicates that the field induced electrode breakdown for the larger voltages (~5 V r.m.s.) is of 
such a nature that the equivalent circuit describing the crystal continues to be valid. This has also 
been observed by others. Using the results of the theory the mobility of KI and KBr crystals at 
room temperature has been measured. These determinations agree substantially with measurements 
by others using Hall effect methods. Measurements at low frequencies have revealed phenomena due 
to the finite recombination rate of the conduction electrons and ionized F-centers. From our analysis 
of this behavior, the capture cross section of an ionized F-center in KBr has been found to be 


3-1 x 10-1°,/y cm?, where vy 


mass 


1. INTRODUCTION 
THE PROPERTIES of electronic conduction in alkali 
halide crystals are of interest from several points of 
view. Nevertheless, comparatively little experi- 
mental work on conductivity has been carried out 
on these crystals. The rather low mobility in this 


type of crystal (1-10 cm?/V sec) and the small 


carrier concentrations result in a correspondingly 
high resistivity (~ 109-1018 ohm cm) which makes 
most of the 
physics difficult to apply. 

The low mobility results from the large inter- 
and the 


usual methods of semiconductor 


action between the conduction electron 
lattice vibration phonons, which is, in itself, a topic 
of much theoretical interest. Because of the inter- 
esting analogy between the conduction electron 
phonon field interaction and the nuclear interaction 
with its meson field, the rest energy and effective 
mass of a conduction electron in an alkali halide 
crystal has been the subject of several field theor- 
etical investigations. (—®) 

Physics, Yale 


* Present address: Department of 
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is the ratio of the effective electron mass (polaron) to the free electron 


The recombination rate constant in KBr has also been measured 


Although the polaron rest energy calculations 
are in reasonably good agreement, the calculated 
values of the polaron rest mass vary over a wide 
range. 

In view of the field theoretical interest in this 
problem as well as the general interest in problems 
of electron conduction, it seemed worthwhile to de- 
velop methods for investigating the conduction 
parameters of alkali halide crystals, taking into 
account their high resistivity. The methods used in 
the experimental investigation described below do 
not depend upon any special properties of the 
alkali halide crystals, and the words “‘conduction 
band electron” will be used henceforth instead of 
“polaron”’. 

Some measurements of the mobility using the 
Hall effect have been made in spite of the high re- 
sistivity of the alkali halide crystals. By construct- 
ing an a.c. amplifier with a very high input im- 
pedance, MACDONALD was able to measure the 
mobility of KBr.) Using a method which essenti- 
ally measures the Hall angle, REDFIELD measured 
the mobility of NaCl, KCl, KBr and KI at liquid 


210 
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nitrogen temperatures and 200°K.) The method 
seems difficult to apply because of the large crystal 
impedance, and the reported errors range from 25 
to 100 per cent of the mobility value. More recently 
BROWN has extended the method of REDFIELD to 
lower temperature where the increased mobility re- 
duces the crystal impedance considerably.) His 
results appear to fit well with those obtained by 
REDFIELD. 


a 
Oscillator 
2 to!OOC 


211 


investigated in some detail and is discussed at some 
length below. 

The determination of the admittance of the 
crystal is made by measuring the voltage drop 
across a resistor in series with the crystal. In 
practice this resistor is the grid resistor of the 
meter or amplifier circuit and is lower than the 
crystal impedance by a factor of at least 10°. The 
specific resistivity p of the illuminated crystals is 


Differential 
Tier 


Fic. 1. Circuit diagram of apparatus. 


The use of the photocapacitance effect described 
in this investigation circumvents the difficulties of 
working with high impedance materials and gives 
mobility results that agree with other investigators 
using Hall effect measurements. 


2. EXPERIMENTAL METHOD 

For high impedance materials a method of de- 
termining the mobility and other conduction para- 
meters, whereby the impedance of the measuring 
instrument is in series with the crystal impedance, 
is desirable. Such a method used in this investiga- 
tion is shown in Fig. 1. It is important to realize 
that the contacts to the crystal are such that a 
negligible current passes between the crystal and 
the electrodes in either direction (current blocking 
electrodes). The nature of these contacts has been 


of the order of 109 ohm cm. The phase of the dis- 
placement current in the crystal with respect to the 
applied voltage is determined by measuring the 
difference between two voltages of equal amplitude. 
one having the phase of the displacement current 
and one having the phase of the driving voltage. 
These two parameters, the phase and the displace- 
ment current, allow one to calculate the conduction 
electron density and mobility as will be shown later. 

The crystals are additively colored by heating 
them in a metal vapor of the crystal anion in a 
sealed, double-temperature bomb and are then 
quickly cooled to room temperature to avoid any 
coagulation of the F-centers into larger aggre- 
gates.10) These large colored crystals are then 
cleaved into smaller crystals and electrodes applied 
in the form of an air-drying silver paint.2)) After 
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several days, this paint dries into a tough, low re- 
sistance coating which adheres satisfactorily to the 
alkali halide crystal. The paint seems to contain 
only organic binders and does not affect the crystal 
in any observable way. 

The crystals are placed in a dry atmosphere and 
are illuminated in these experiments by light from 
a 500 W projection lamp. A heat absorbing filter 
in a water bath is interposed between the light and 
the crystal to filter out the long wavelength radia- 


tion. In some instances, an aqueous solution of 


Fe( NH4)2 (SO4)2- 6H2O is also used to filter out 
the near infrared“) and the crystal is cooled by air 
passed through silica gel. 

In making the measurements, a fixed voltage of 
5 V r.m.s. is applied across the crystal and the 
amplitude of the current passed through the 
crystal is read on the Ballantine meter-amplifier, 
which is in series with the crystal. The frequency of 
the applied voltage is determined by the Lissajous 
pattern displayed on the scope. Data were taken 
from 2-1000 c/s. 

The output of the meter-amplifier is applied to 
one side of the differential amplifier. ‘To the other 
side is applied a signal of the same amplitude as the 
meter-amplifier, output, but of the same phase as 
the voltage impressed across the crystal. This latter 
signal is obtained by attenuating the output of the 
oscillator with a voltage divider which introduces 
negligible phase shift at the frequencies employed. 
The resultant voltage read on the meter is a simple 
function of the phase difference between the two 
signals put into the differential amplifier. Phase 
shifts through the meter-amplifier and elsewhere 
in the circuitry are determined by calibrating 


the equipment with test capacitors and resistors. 


3. THEORY 
When these prepared crystals are illuminated 
and an alternating voltage is applied to the crystal, 
an a.c. admittance is measured which is different 
from that of the same crystal in the dark. This 


difference is due to the presence of electrons 


excited into the conduction band of the illuminated 
crystal with the absoprtion of light by the F- 
centers in the crystal.!%) Both a small signal linear- 
ized theory and a nonlinear theory of this effect 
in crystals have been developed in great detail by 
MacponaLp"!4:15), ‘The small signal theory is 
extent that terms containing 


linearized to the 


and A. J. 
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harmonics of the applied a.c. voltage are elimin- 
ated. The time independent portions of the nega- 
tive and positive charge densities are assumed 
to be equal and constant over the crystal; although 
this assumption can be shown not to be necessary 
for the theory to be valid.“®) Under these assump- 
tions, the current in the illuminated crystal 
subjected to an applied a.c. voltage Vi exp (tw) is 
Ji 
Vi 


(1) 


= 1wly+ G,(w)+iwCl p(w) 


where Cy = «A/4r7L is the usual dielectric 
capacitance of a crystal of length L, cross-sectional 
area A, and dielectric constant e. In effect Cy 
is the measured capacitance of the unilluminated 
crystal. In general, the space charge capacitance 
Cy and conductance Gy, are very complicated 
expressions and are given by MAcDONALD"4), 

In certain cases, these expressions may be 
simplified. When the F-center ionization rate 
constant k; is much smaller than the recombination 
rate constant ke, the density of conduction electrons 
will be much less than the density of /-centers. 
This is the case for a low rate of F-center ioniza- 
tion. If mo, the average negative charge density 
is much smaller than the F-center density but 
small (i.e. mq = 107-1019 cm-3), then 


not too 


G, and C), are simply 


G,.w? 


9 
eunyA w* 


G, 


9 9 9 9 
wo* + w- iL woe + we 


€e2ng \1/2 


SakT 


Cow" 


9 ) a. 9 
Wi)~ tT Ww Wi >t @W- 


where wo is defined by the relation wo Go/Co. 
Thus, a measurement of Cp and Gp at suitable 

frequencies will determine Cp and Gx, and, hence, 

the average conduction electron density mp and 


mobility ju. 


4. EXPERIMENTAL RESULTS 
Inasmuch as the interpretation of the ex- 
perimental results obtained in this investigation 
is based on the predictions of this theory, its 
was investigated by several different 
methods, MAcDONALD found 
results which could not be explained using his 


validity 


especially since 
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linearized theory.“”) The theory is based on the 
usual equations for diffusion conductivity with 
the additional assumptions of zero current flow 
across the electrodes and bimolecular 
bination, i.e. the conduction electrons come only 
from the photoexcitation of an F-center and are 
trapped finally by an ionized F-center (halogen 
ion vacancy). 

The assumption of electron diffusion will be 


recom- 


valid as long as a current carrier gains less than 
kT of energy from the electric field between lattice 
collisions. ‘The low mobility of the conduction 
electrons in the alkali halides ensure that this 
assumption is valid for accelerating fields up to 
10° V cm~!. This is much larger than the fields 
produced in our crystals except very near the 
electrodes. 

The validity of the assumption of bimolecular 
recombination can be demonstrated by measuring 
the dependence of Co on the intensity of illumina- 
tion. A detailed balance argument for a bimolecular 
recombination process leads to the result that no 
is proportional to the square root of the intensity 
of illumination J and hence by the definition of Co 
we would expect the relation Co oc J!/4. ‘This was 
found to be the case in a KBr crystal. MACDONALD, 
however, did not observe the light dependence 
expected from his linearized theory.“!”) The reason 
for this discrepancy is not clear and is being 
investigated. 

The assumption of no current flow at the 
electrodes is the most critical assumption and has 
been tested at some length. The possibility of 
electrode breakdown will depend strongly on the 
crystal field at the electrode caused by the charge 
migration. If the average charge density liberated 
by the F-band light is large enough, the induced 
fields in the crystal will be very steep at each 
electrode and the center of the crystal will be 
essentially field free. If we denote the ratio of the 
crystal length to the r.m.s. Debye shielding length 
(\/2 times the distance on which a field due to a 
charge excess decreases by a factor of 1/e) by M, 
then one would expect the field at the electrode to 
be at least of the order of MV,/L. where Vz, is 
the applied voltage. For the crystals used in this 
investigation M is of the order of 100. An ex- 
pression for the crystal field may be found if 
the applied voltage is appreciably larger than 
kT/e ~ 0-03 V.%6-18) Under this condition the 
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field near the electrode rises 
value of 


exponentially to a 


E, 4( 


For an applied voltage of 5 V r.m.s. and an mg 
of 108 cm-3, Ey, is of the order of 109 V cm7!. 
From this argument one would expect that there 
would be electrode breakdown for applied 
voltages larger than k7/e and the assumption of 
no current flow would be invalid. 

That electrode breakdown take 
place can be demonstrated by measuring the d.c. 
example 


does indeed 


behavior of illuminated crystals. As an 


of the behavior of the d.c. current, Fig. 2 shows 


3x10" 


2 
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Fic. 2. Variation of d.c. current with applied voltage in 
an illuminated KBr crystal containing F-centers with 
one painted silver and one colloidal graphite electrode 
A positive direction of the voltage corresponds to the 


silver electrode being positive. 


data taken using an additively colored KBr crystal 
with a cross-sectional area of 0-108 cm? with one 
colloidal graphite electrode and one painted silver 
electrode. The crystal current in the dark was 
linear in voltage and corresponded to a resistance 
of 9x10!% ohms. The density under 
illumination can be represented quite will in 
either direction by the equation J = aV,”, where 
for both directions a is of the order of 10-12 A 
V2cm?2. The data taken from 45 V to 
45 V in 5 V steps. This result indicates the forma- 


current 


were 


tion of a space charge at each of the crystal 


electrode interfaces which prevents the free 


passage of electrons. This is certainly to be ex- 
pected in view of the fact that cleaving the crystal 
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will result in the production of considerable 
damage at the surface, with the formation of deep 
traps which would trap electrons and produce a 
narrow region of negative space charge acting as a 
current barrier."9) The V2 dependence of the 
leakage current on the voltage is what one would 
expect for a phenomenon of this type. 

Although electrode breakdown is to be expected 
and does in fact exist, nevertheless, the results of 
a linear theory based on the assumption of no 
electron current flow can be shown to be still 
applicable. This is found to be true for both a.c. 
and d.c. measurements of crystal impedance. 

The capacitance of several KBr crystals was 
measured in this laboratory as an applied a.c. 
voltage of 5 c/s was varied from 17 mV r.m.s. 
(which is low enough so that the linear theory 
should be valid) to 5 V The 


r.m.s. measured 


capacitance was constant within the errors of the 


measurement (~ 3 per cent). We have never 
observed any decrease in the capacity of an illumin- 
ated crystal as the frequency decreases which is 
what one would expect if electrical leakage were 
to reduce the space charge capacitance. 

Since the space charge capacitance Co is the 
result of current blocking at the electrodes, it 
serves as a sensitive indicator of the electrode be- 
havior. A number of experiments have indicated 
that Co is remarkably voltage independent over 
large ranges of the applied voltage. MACDONALD 
found relatively little harmonic generation when 
a.c. voltages up to 2000 V r.m.s. were applied to 
the crystal.“?) DoNALD applied an a.c. potential of 
9 Vr.m.s. to KBr crystals at frequencies of ~ } c/s 
and above with a super-imposed d.c. field and 
found no change in the a.c. capacitance for ap- 
plied d.c. voltages below 100 V.°°) 

The d.c. behavior of the space charge capaci- 
tance was investigated by observing the discharge 
curve of an illuminated F-centered crystal. Dis- 
charge curves of a colored KBr crystal in series 
with a 1012 ohm resistor are shown in Fig. 3. The 
slopes of the discharge curves using a semi- 
logarithmic plot are proportional to —Gp/Cp and 
are equal to within 10 per cent when the charging 
potential is varied from 4-20 V, implying that no 
striking voltage dependence of the space charge 
exists. This is also borne out by the straightness of 
the curves. Similar results have been observed by 


others. ‘1 
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The experimental results discussed above indi- 
cate that the space-charge capacitance is voltage 
independent for applied voltages much larger 
than k7/e, whereas a voltage independent capaci- 
tance is a consequence of the small signal theory 
only, where the applied voltage is taken to be much 
less than kT /e. A resolution of this inconsistency 
may lie in the breakdown of the assumption, in the 


Fic. 3. Discharge curve for illuminated and dark 

additively colored KI crystal with 4, 12, and 20 volts 

initially across crystal. The normalization of each pair 
of curves is different. 


small signal theory, of completely blocking elec- 
trodes. In fact, a d.c. argument shows that if the 
breakdown current is proportional to the square of 
the applied voltage, then the induced space charge 
capacitance is voltage independent. If one assumes 
a leakage current at the electrodes (at x = +L/2) 
equal to a Vz? then we can write the equation for 
d.c. current due to the negative charge carriers in 
the form 


_ dn dV . 
uk ; + eun -=a)j ha 
ax 


(4) 


Let us consider first the positive half of the crystal 
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only. Since the electron charge density at the 
positive electrode is so much larger than the 
positive charge density, we may ignore any posi- 
tive charge. Eliminating the charge density by 
using Poisson’s equation and integrating once we 
obtain 

kT dE 1 


é ae 2 


E2 
4 


Integrating over the positive half of the crystal 
equation (5) becomes 
nD L/2 
. 1 bli - as 
(E,—£o)- : EV V —dx 


é 


0 @ ax 
) 


2raV ,?L? 


(6) 
€ph 

Since electrode breakdown occurs only when the 
fields at the electrodes are very steep, this con- 
dition ensures a very large charge concentration at 
each electrode causing an essentially field free 
region throughout the crystal except at the elec- 
trodes. Under these conditions Ey = 0 and the 
third term on the right hand side of equation (6) 
may be ignored compared to the second since 


dx = V,EL* 


(7) 
0 


If our applied voltage Vz, is large compared to 
kT/e as it will be for the case of possible electrode 
breakdown, the first term on the right hand side 
will be much smaller than the second term and we 
may rewrite equation (6) as 
VL? (8) 
The differential capacitance at each electrode 
Cy is defined as the change in charge per unit area 
on the crystal electrode per unit change of potential 
at the electrode or, using equation (8) 


eA dk, 
4n dV, 


This differential capacitance is independent of 
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the applied voltage and thus one would expect that 
an exponential discharge curve could be observed 
even if there were some leakage at the electrodes. 

The combined results of these tests of crystal 
behavior lead us to expect the results of the linear- 
ized space charge theory of MACDONALD to be valid 
for the conditions used in our experiments. 

The data of Table 1 contain the numerical values 
obtained for two specimens, one KBr, and the 
other KI. The F-center concentration fo was 


Table 1. Experimental values for mobility im 
additively colored KBr and KI crystals at room 
temperature 


KBr KI 
0:0386 cm? 
0:544 cm 
0-0312 wut 
1:2 «101? cm 
5-05 wp f 

118 » uw mhos 
162 

12:6 x 109 cm 
6:02 « 108 ohm cm 
0-825 cm?/V sec 


0-136 cm? 
0-754 cm 
0-077 wuf 
6°5 x 10!° cm=* 
2°88 wut 

326 uw « mhos 


108 cm~3 3 
<108 ohm cm 
2/V sec 
12-5 cm?/V sec 

cm?/V sec 


determined from the absorption spectrum of the 
specimen, using SMAKULA’s formula. '°?) The value 
given for Gis the high frequency limiting value of 
the admittance. The value of Co is equal to 1-4 times 
the low frequency limit of the solid curves in Figs. 
4 and 5 as will be explained below. The value py 
for KBr is the Hall mobility measured by Mac- 
DONALD and ROBINSON in both additively colored 
and X-ray colored crystals.“’) The value jo for 
KBR is the average of the Hall mobility for about 
ten specimens measured by ONUKI and KAWAMURA 
using the method of MACDONALD™*), REDFIELD, in 
1954 reported a Hall mobility of 30+ 15 cm? V~ 
sec! for KI at 200°K.4) It is noteworthy that 


* This derivation assumes that the zero of potential, 
midway between the potentials applied to the electrodes, 
is also the potential of the field free region of the crystal. 
This is correct only for small carrier concentrations. 
For larger carrier concentrations, the results still are 
valid but the equations should be modified to contain 
the potential of the field free region Vp explicitly."!°) 
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charge 


Frequency dependance of normalized space 


capacitance and conductance in illuminated KI 


containing F’-centers 


using additively colored crystals, space charge- 
capacitance greater than 50 times the geometrical 
capacitance is obtained. 


Fig. 4 shows the comparison of experiment and 


Fic. 5. Frequency dependance of normalized space 
charge capacitance and conductance in illuminated KBr 


containing F-centers 
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theory for a potassium iodide crystal. The con- 
tinuous curves are those of equations (2) and (3). 
For this crystal, vo was only 5-3 c/s which is why 
the data does not extend to frequencies lower than 
v 0-5 vo. These curves were fitted to the data at 
v vo. In this region measurements of both Gp 
and C, are relatively accurate. At higher frequen- 
cies measurements of Cp suffer from the fact that 
since C, is found by subtracting the capacitance of 
the dark crystal from that of the illuminated 
crystal; as these quantities become equal, the error 
becomes very large. 

The rise in the experimental value of Cy above 
the curve at low frequencies is due to the fact that 
in these crystals we do not have an infinite re- 
combination rate of conduction band electrons and 
ionized F-centers. 

This rise is illustrated better in Fig. 5 which 
shows the comparison of theory and experiment for 
the case of a colored KBr crystal. Here again the 
continuous curves represent equations (2) and (3). 
These two curves were fitted using the value of Gp 
at high frequencies (G,,) and the crossover point of 
the two curves (vo). This choice fixes the low 
frequency limit of the capacitance curve. In this 
determination vo = 25-5 c/s. 

The rise of both G,(v) and C)(v) above the con- 
tinuous curves at low frequencies is due to the fact 
that the mean lifetime 7, of an electron ejected 
from an F-center before recapture by an ionized 
F-center used in this experiment is long compared 
to the ordinary dielectric relaxation time 7p and is 
comparable to the period of the alternating voltage 
applied to the crystal. The increase in Cy and Gp 
reflects the increasing amount of change of the 
space distribution of the ionized F-centers, 
brought about by the varying number of conduc- 
tion electrons captured per unit volume, as the 
applied voltage is lowered in frequency. If the 
period of electron motion in the crystal is short 
compared to the mean lifetime for capture, the 
distribution of ionized F-centers will be sym- 
metrical about the center of the crystal (where it 
would be a maximum). When the period of the 
applied voltage is long compared to the mean life- 
time of the conduction electron, the ionized F- 
center density will follow the applied voltage and 
will change appreciably in time. 

The effects of the long lifetime may be sum- 
marized in the circuit shown in Fig. 6. The 
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conductance G;., is that due to the movement of 
the ionized F-center distribution. At high fre- 
quencies, since this conductance is much smaller 
than Gy, this branch of the circuit adds nothing to 
the current in the crystal so that the effective space 
charge capacitance is Cy instead of Co. At low 
frequencies the limiting value of the capacitance is 
Co and both arms of the circuit contribute to the 


\ 


3) 


Fic. 6. Equivalent circuit of an illuminated crystal with 
a noninfinite recombination rate. 


admittance. It can be shown that when the electron 
density is sufficiently large, the ratio of Co to Cz 
should be /2."4) As can be seen from Fig. 5, the 
ratio of Cy(v) to Co at 2.c/s is ~ 1-3 and still rising 
slowly. That this addition to the capacitance is 
due to the phenomenon postulated above may also 
be shown by plotting the difference of the mea- 
sured capacitance curve and the continuous curve 
in Fig. 5. This difference, as can be seen from the 
equivalent circuit of Fig. 6, should have the same 
shape as the capacitance curve in Figs. 4 and 5. 
To show this we have plotted 

Co— Cy, 

Cc 


C(r)— ( 


9 
v? + vo? 


— =1 vs, »%, 


where 
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is the value of the continuous capacitance curve 
and C4 is taken as +/2C. This curve should be a 
straight line through the origin if the added capaci- 
tance is due to recombination effects. That this is so 
is shown in Fig. 7. The scatter of the two higher 
frequency points is probably due to the subtraction 


Fic. 7. Plot of 

Co—C, 
C.. ye2 
y24 92 


vs. the square of the applied frequency for the illuminated 


KBr crystal shown in Fig. 5. 


—] 


Cp(v) sa 


process causing a large relative error. The slope of 
this curve is equal to 
(Co—C,) 
Gro" 


From the measured slope, G;,, is found to be 
23-7 « » mhos. 

The ratio of the mean lifetime for conduction 
electron capture 7; to the dielectric relaxation time, 
tp, denoted by € may be determined from a 


knowledge of Gro and Go. Since in our crystals 
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1 we may write 


Ge M 
. (14) 
G, a/2€ 
Using our determined values of M, Gx and Gra, 
we find that € = 364 which implies that the re- 
combination constant for conduction electrons to 
be captured by ionized F-centers in KBr is kg = 
3°34 x 10-8 cm? sec-1.“4) This value of the 
lifetime 


re- 
combination rate leads to a mean for 
ionized F-center capture of a conduction electron 
in the KBr crystal by an ionized F-center in- 
vestigated of 0-086sec. This long lifetime is 
mainly due to the fact that the density of capturing 
centers, the ionized F-centers, is only 3-48 x 108 
cm~8, It should be noted that this lifetime is not 
the same as that for the capture of a conduction 
electron into a trap shallow compared to the 
F-center excitation energy but somewhat deeper 
than kT. This shallow trapping lifetime is much 
shorter as can be easily seen by suddenly inter- 


rupting the light beam. Some preliminary experi- 


ments show that this lifetime is shorter than 10-% 
sec. Since the crystals are illuminated continu- 
ously. the resultant rapid shallow trapping and 
re-excitation will not affect the observed pheno- 
mena at the low frequencies used in this investiga- 
tion. 

The conduction electrons in the alkali halide 
crystal have such a low density that their velocity 
distribution follows a Maxwell—Boltzmann distri- 
bution (i.e. non-degenerate). Since the ionized 
F-centers are not mobile the recombination rate 
of electrons and ionized F-centers may be thought 
of as the collision rate between a set, , of particles 
with a Maxwell—Boltzmann velocity distribution 
and a set, p, of particles with zero velocity. If the 
cross section for collision is S the rate is Snopod. 
For small applied voltages the average recombina- 
tion rate in the crystal will be kono po = kono. This 
the expression Snopo2(2kT/mp)'?, 
where S is the cross section for the capture of an 


must equal 


electron by an ionized F-center and my is the con- 
duction electron effective mass or polaron mass. 
If we represent the ratio of the effective mass to the 
free electron mass by y we have S = 3-1 x 10- 
(vy) cm?. 

One may also note that since we have found ke 
experimentally, our knowledge of k2 and no allows 
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us in principle to calculate kj, the dissociation 
constant. If the light intensity in the crystal is 
measured, then the quantum yield of electrons 
ejected into the conduction band may be deter- 
mined. Heretofore, only the product of this yield 
and the mean “‘range’’ before capture of the elec- 
trons per unit field strength has been measured. 
If ki}, however, is to be equal to the probability of 
an F-center electron being excited into the con- 
duction band per absorbed photon, a very large 
field must be applied to the crystal to remove the 
excited electron before it is recaptured by the 
halogen ion vacancy from which it came. 


5. CONCLUSIONS 

The data obtained in this investigation are in 
striking agreement with the predictions of the 
linearized a.c. theory of photocapacitative effects 
developed by Macponatp. Using techniques 
described in this report a large number of the 
parameters associated with electron conductivity 
in colored alkali halide crystals may be determined 
with good accuracy and relative ease. 

Although the 5 V r.m.s. applied across the 
crystal is large compared to kT/e in contradistinc- 
tion to the requirements of the linearized theory, 
no behavior that could be attributed to a non- 
linear theory was detected and the relations be- 
tween the quantities expected from a linearized 
theory were verified. An extrapolation of the 
applied voltage from a region where the assump- 
tions of the theory are valid to a region where 
electrode breakdown effects would be expected to 
occur also did not reveal any non-linear effects. 

One possible explanation of the validity of the 
theoretical results for the applied voltages used in 
this experiment lies in the nature of the breakdown 
current as discussed at length above. Another 
explanation may be the fact that the current 
leakage through the crystals measured at zero 
frequency is very much smaller than the a.c. 
currents in the illuminated crystal. The d.c. 
admittance was generally of the order of 10-12-1018 
mhos. The success of the linearized theory may 
also be due to the fact that at the frequencies used 
in this work the electrons did not have sufficient 
time to build up a high enough charge density at 
the electrodes to cause appreciable leakage. This 
does seem to be the case for the positive ionized 
F-center distribution. 
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The experimental results of this investigation 
and the observations by others mentioned above, 
while attesting to the usefulness of the 
MAcDONALD theory, do not explain those results 
obtained by MacponaLp which are contrary to 
the predictions of the theory, principally the 
behavior under varying illumination and the slope 
of log Cp() with frequency at frequencies above 
«@o. Both these descrepancies are being investi- 
gated. It has been found that in crystals having 
been illuminated for several hours the slope of 
log Cp(@) with frequency does decrease from 2 as 
predicted by the theory to 1-5 or 1. Slopes less 
than 2 were observed by Macpona.Lp“?), Spectro- 
photometric curves show that prolonged illumina- 
tion of the crystals does produce some coagulation 
of the F-centers with a production of other 
shallower traps. It may be that an excessive 
number of such traps is responsible for the change 
of slope of log Cy(w). MAacpDoNnaLp also found a 
large number of shallow traps (~0-04 eV) in his 
crystals. 

In view of the satisfactory agreement of our 
mobilities with the Hall mobility measurements 
that have been reported in the literature, this 


method is being extended to other materials and 
temperatures. 
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Abstract 


The results are presented of an exploratory study into the emission of exo-electrons 


from powdered iron oxide catalysts for the Fischer-Tropsch synthesis after exposure to gamma 


radiation. It is considered that the evidence supports the theory that emission centres consist of 


oxygen ion vacancies containing trapped electrons. 


of the vacancies with electrons. 


As PART of a study of the effect of radiation on solid 
catalysts, a search has been made for physical mea- 
surements which will show a change in the pro- 
perties of the catalyst surface on irradiation. This 
paper presents the results of an exploratory 
investigation of the phenomenon known as 
exo-electron emission, that is the emission of low 
energy electrons from a surface at excitation 
energies below the photo-electric threshold of the 
metal. The emission of low energy electrons from 
irradiated solids as a result of thermal- or photo- 
stimulation has been measured in a number of 
6) It has that the 
emission is associated with the discharge of colour 


with the 


studies. “ been suggested 


centres, or, in oxides, presence of 
electrons trapped at oxygen ion vacancies. Also 
NASSENSTEIN”) has reported that silver catalysts 
having different activities for the oxidation of 
ethylene, emitted electrons at different tempera- 
tures on heating up to reaction 
(200°C). 

Some preliminary experiments were carried out 


at the National Engineering Laboratory, D.S.I.R. 


temperat ure 


Unreduced mill-scale catalysts were exposed to 
light of known wavelength in the range 4300 to 
7000 A, and the emission measured with an open 
a mixture of argon and 


Geiger counter, 2) using 


ethyl alcohol as counting gas. No emission was 


obtained from unirradiated samples, but doses of 
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The role of irradiation appears to be the filling 


X-rays as small as 0-2 rad resulted in an appreciable 
emission. 

The present study is concerned entirely with 
certain iron oxide catalysts for the Fischer—Tropsch 
synthesis. ‘These catalysts did not give any 
emission on heating unless they had previously 
been subjected to X- or gamma radiation. As the 
acivitty of these catalysts for the Fischer-Tropsch 
reaction is increased by irradiation, it seemed pos- 
sible that a study of the emission phenomenon 
would give information regarding those changes 
that take place in the catalyst on irradiation which 
result in an increase in catalytic activity. 


EXPERIMENTAL 

The equipment used for the emission measure- 
ments was a methane-flow proportional counter 
(U.K.A.E.A. type 1077B). It was modified by 
removing the flat sample platform and replacing 
it by a platform with a 1-5 cm diameter well which 
could hold a small quantity of powdered catalyst, 
see Fig. 1. The necessary leads for heating the 
catalyst, measuring its temperature, and carrying 
the accelerating potential to the grid over the 
catalyst sample were all led up through the stem of 
the heater assembly. 

The heater was capable of raising the catalyst to 
350°C. ‘The temperature was raised by increasing 
the voltage to the heating coil in steps of 20 V, 
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giving heating rates which varied between 6° and 
12°/min from run to run, but which were reason- 
ably constant in any one run. Readings of tempera- 
ture and count-rate were taken every minute. 

It was found necessary to run the heater up to 
at least 200°C with the methane flowing before 
inserting the sample, otherwise spurious pulses 
were obtained at 100°C. It is thought 
that these were due to water adsorbed in porous 
insulating materials used in parts of the platform 


about 


assembly. 

The accelerating grid, which was maintained 
at a positive potential of 108 V with respect to the 
catalyst, lay about 2 mm above the catalyst surface 
and flush with the bottom of the counting chamber. 

The linear amplifier (U.K.A.E.A. type 1049B) 
was operated with a total gain of about 20,000. 
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Catalyst heating assembly. 


The count rate was registered on a ratemeter 
(U.K.A.E.A. type 1037). 

The course of an experiment was as follows-: 

About 0-5 ml catalyst was placed in a tube of 
13mm internal diameter and evacuated at 
10-3 mm Hg for half an hour at room temperature. 
The tube was filled with oxygen-free nitrogen and 
placed in the radiation field of a Co®® source of 
about 90 c. The dose-rate for the catalysts used 
was slightly greater than 10° rads/hr. 

Immediately following the irradiation period, 
some of the sample was poured into the sample 
well, the accelerating grid put in place, and the 
platform assembly screwed up into position. The 
chamber was purged with methane at 100 ml/min 
for 15 min and then the rate of flow was reduced 
to 40 ml/min for the remainder of the experiment. 
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Table 1. Composition of mill-scale 


Catalyst No 


Mill-scale 
Batch No. 
Composition (wt 

Fe 
AlsO 
Sif do 
CroO 
Mn30, 


per cent) 


Alkali content of catalyst (parts 


weight K2O per 100 parts Fe) 


Roasting temperature (°C 


CATALYSTS 
18, and 2425 were prepared 


Catalysts Nos. 3, 
with 


from rolling-mill-scale by 
potassium carbonate from solution followed by 
roasting for 4hr at 1000°C or above. The com- 
position of the mill-scales, and roasting tempera- 


impregnation 


tures of these catalysts are given in Table 1. 


atolyst 


catalysts 


18 


Nuun Ww 


1000 1000 1300 


Measurements of electrical resistivity and 
thermoelectric power have indicated that these 


solids are n-type semiconductors. 
RESULTS 


Samples of mill-scale catalysts which had been 
subjected to gamma radiation and subsequent 


8 


t. 3/4 catalyst 18 


4256 


t. 412 catalyst 242 


A>7 crv 


catalyst 


3 


t. 309 catalyst I8 Jshowing nol 


Jemission  [ 
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temperature, °C 


Specimen curves demonstrating exo-electron emission. 





THE 


heating in the proportional counter gave emission 
peaks at 300 + 20°C; some typical results are 
shown in Fig. 2. 

The presence of adsorbed gases on the surface 
was found to affect the magnitude of the emission 
with some samples, and when a series of samples 
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SOLIDS 


treatments before irradiation. Some results ob- 
tained with catalyst 18 are shown in Table 2; 
all samples were cooled to room temperature 
before irradiation. 

A sample which was heated to 450°C im vacuo 
but not irradiated gave no emission. 


Table 2. Effect of heat treatment on exo-electron emission. 


Heat treatment 


Duration Ai 
Air pre . 
(hr) ir pressure 
0 
18 10-* mm Hg 
3 1 atm 


o 
y 
£ 
c 
> 
6 
1S) 


Emission rate, 





Maximum emission 
— rate 


Temperature 


‘ee 33 (counts sec) 
- 40 

450 320 
1300 0 


rradiation period, hr 


Fic. 3. Effect of radiation dosage on the maximum emission rate. 


were required for comparative tests, it was found 
necessary to evacuate them all simultaneously. 
Small, low-temperature emission peaks were ob- 
served in some cases—for example a peak was 
often observed at 160-170°C; these are probably 
ascribable to adsorbed gases. 


Effect of heat treatment on emission 

Catalysts 3 and 18 gave an emission when 
irradiated without any prior heat treatment, but 
it was found that the magnitude of the emission 
at 300°C could be markedly altered by certain 


A further illustration of the effect of heat 
treatment is provided by an experiment with 
catalyst 2425. This catalyst did not give an 
emission after irradiation without a prior heat 
treatment, but when a sample was heated to 
450°C for 6hr at 10-3 mm Hg, cooled to room 
temperature, irradiated in nitrogen and its emission 
measured, a peak emission of 21 counts/sec was 


obtained. 


Effect of total dose 


Although it has not proved possible thus far to 
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obtain quantitatively reproducible data on the 
variation of the magnitude of the emission with 
total data 


obtained to 


increase in radiation dose, sufficient 


have been establish the general 
picture. 
The count rate at the temperature of peak 


emission rises linearly with increase in radiation 


dose up to about 10® rads, and thereafter decreases 
I 


in a non-linear manner up to the maximum doses 
used (4 x 107 rads). One set of results obtained with 
catalyst 18 is shown in Fig. 3. To eliminate any 
effect due to variations in the rate of heating, the 
total number of counts registered between the 
temperatures marking the beginning and end of 
the emission peak were plotted for one series of 
results and the same variation with radiation dose 


was observed as 1s shown in Fig. 3. 


Stability of the emission centres 


Although normally the catalyst was put into 
the counter immediately after the irradiation, ex- 
periments in which the emission was measured at 
varying periods of time after the end of the 
irradiation showed that if the samples were kept in 
nitrogen 1n the dark for up to 24 hr, the same 
emission was obtained on heating. However, 
if the samples were left open to the air for a few 
hours, a reduced emission was obtained on heating. 
Longer exposure to air did not appear to have 
much effect, and after leaving for 24 hr, a sub- 
stantial emission was still obtained. 

In one series of experiments, sufficient catalyst 
18 was irradiated for several emission measure- 
being 8x10%rads. A_ peak 


emission of 61 counts /sec was obtained immediately 


ments, the dose 
after irradiation; the remainder of the sample was 
left open to the air, samples being taken for 
emission after 4hr and 28hr. A 
peak emission of 42 counts/sec was obtained in 


measurement 


both -cases. 

The length of time during which electrons are 
emitted at the temperature of peak emission was 
determined by holding the catalyst heater at this 
temperature and noting the change in count-rate 
with time. In Fig. 4 is shown the results of three 
experiments. The decay falls into two sections 
and in the first section at least, appears to be ex- 
ponential; insufficient data are available for the 
form of the second part of the decay curve to be 


established. 
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The rate of decay in the first part has a half life 
of 1-2 to 1-5 minutes and is fairly reproducible. 


DISCUSSION 
The main points requiring discussion are (1) 
what light do these experiments throw on the 
nature of the centres responsible for emission, 
and (2) what is the role of gamma radiation in 
producing these centres. It is difficult to discuss 


counts/sec 


rote, 


Emission 


temperature MISSION Pean, mir 


4. Decay of emission rate at the temperature 
peak emission 


the relevance of this phenomenon to the radiation- 
induced increase in catalytic activity until more 
experimental evidence is available on the factors 


controlling the increase in activity. 


Nature of the emission centres 

It has been suggested that exo-electron emission 
has its origin in a structure similar to that giving 
rise to thermoluminescence, and in some cases‘) 
it has been found that the variation of thermos 
stimulated electron emission with temperature 1- 
closely parallel to the variation of thermolumin- 
escence with temperature. Furthermore, instances 
have been reported 6-9! in which intensity of 
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luminescence at the peak of the glow-curve from 
irradiated solids increases to a maximum and then 
declines as the dose of radiation is increased; a 
similar effect of increase in radiation dose on the 
intensity of electron emission has been observed 
in the present work. 

NASSENSTEIN™) has suggested that a formula 


GAMMA RADIATION 


ON SOLIDS 225 
The mean life-time for decay at the temperature 
of peak emission is given by the equation 

Np 2T 7 Tp _ Tm) 


rr a 
J mp 


Any, at 


where f is the rate of warming. 


Table 3. Results calculated from emission curves. 


Period of 


Catalyst : ‘ee 
: irradiation 


Experiment 


No. 


proposed for luminescence!) could be used to 
estimate the thermal excitation energy of emission 
centres, 


Etnerm ~ 25 Rl oxatt ( l ) 


where Einerm is the thermal excitation energy, 
and Texcit is the excitation temperature in “K. 
Values of excitation energies calculated from the 
temperature of peak emission by the above formula 
are shown in column 7 of ‘Table 3. 

GROSSWEINER") has developed equations for 
calculating the trap depth and mean life-time at 
the peak of first order luminescence glow-curves. 
The equation giving trap depth is 


1:51 TpTm 
(Tp ‘al Tm) 


where 


E 


Rate of 
heating 
(°C/min) 


Mean lifetime Excitation 
(min) (from energy (eV) 
Eq. 3 (from Eq. 1) 


Trap depth 
(eV) (from 


NR RR RB Re ep | 


MWNNNHNHYHNHN PL 
mMmNUUM hd WH 


1° 
1- 
1° 
1- 
1- 
2: 
1: 
2: 
2: 


™ 


These equations provide an alternative method 
of calculating the excitation energy of the trapped 
electrons, and the values of the trap depth and 
of the mean life-time of the centres at the tempera- 
ture of peak emission calculated using these formu- 
lae are shown in columns 5 and 6 of Table 3. If 
thermoluminescence and emission 
do have their origin in the same type of structure, 
then the excitation energy cause 
emission should be equivalent to the trap depth. 


exo-electron 
necessary to 


The values obtained for trap depth are somewhat 
higher and more variable than those obtained 
from the temperature of peak emission alone, the 
most probable value being about 1-8 eV, about 


trap depth in electron 
volts 
temperature at the peak 
of the emission curve 
temperature at which 
the low temperature 
side of the emission 
peak reaches half its 
maximum value. 
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50 per cent higher than the value obtained using 
the other equation. 

Using the relationship Eop¢~2£tnerm,”) where 
Eopt is the optical excitation energy, the values of 
the optical excitation energy can be calculated. 
The values obtained using Ejnerm from equation 
(1) lie between 2-4 and 2-5 eV; these should be 
compared with values of 2-64 to 2-71 eV obtained 
by GRUNBERG®) and others for a range of other 
oxides: the values obtained using the trap depth 
from equation (2) are somewhat higher than this, 
with a mean value of about 3-6 eV. It should be 
remembered that in this work, the catalysts are 
not a single oxide but a mixture of oxides, and a 
close agreement between energy values now 
reported and those obtained with pure oxides 
would not necessarily be expected. 

Some support for the use of GROSSWEINER’S 
equations in this work is obtained by comparing 
the values of life-time of the 
centres at the temperature of peak emission ob- 


mean emission 
tained from his equations with those observed. 
The calculated figures are shown in column 6 of 
Table 3, and lie in the range 1-3 to 2-1 min. The 
values obtained from the curves shown in Fig. 4 
are 1-7 and 2-1 min; the two sets of figures are in 
fair agreement. 

It thus seems reasonable to conclude that the 
phenomenon of exo-electron emission requires the 
presence of electrons in traps, and from a com- 
parison of the figures presented here with those 
obtained by GRUNBERG, it seems likely that in the 
present instance the traps are oxygen ion vacancies. 
This is in accord with the fact that these catalysts 
behave as n-type semiconductors. 

The effect of adsorbed gases on the emission 
phenomenon has been demonstrated with two 
catalysts. Other workers) have also attributed some 
emission peaks to the presence of adsorbed gases. 

Heating to 450°C any 
gases which are physically adsorbed, and also 


in vacuo will remove 
some chemisorbed gases. In view of the theory 
that the emission is dependent upon the existence 
of oxygen ion vacancies, it is worth examining the 
possibility that oxygen is removed from the surface 
by this treatment. BEvaAN et al.(4) give 0:3 Tp, 
(where 7}, is the melting point in °K) as the lowest 
temperature at which oxygen can be regarded as 
mobile or removable from the surface of an oxide; 
this corresponds to 280°C for pure FegQg3. 


These workers observed changes in electrical 
conductivity due to the removal of surface oxygen 
at 410°C and 10-° mm Hg with FeO 3. It seems 
probable that oxygen was removed from the surface 
layers by heating to 450°C im vacuo in our ex- 
periments. 

It should be noted that catalysts 3 and 18 from 
which an emission was obtained without any prior 
vacuum heat treatment, were prepared by sintering 
at 1000°C, and when heated to 1300 °C in air 
failed to give any emission, while catalyst 2425, 
which gave no emission without a vacuum heat 
treatment, was prepared by sintering at 1300°C. 
These results only conform with the theory pro- 
posed if heating to 1300°C in air produces a surface 
in a higher state of oxidation than that obtained 
by heating to 1000°C, and if this change is re- 
versible by heating im vacuo at 450°C. Such 
changes would seem unlikely on the basis of 
present knowledge, but current work in this 
laboratory, is showing that the surfaces of iron 
oxides are very variable in composition and the 
question should be regarded as open at the 
moment. 


The role of irradiation 

The main effect of bombardment with electro- 
magnetic radiation is the production of excited 
electrons and positive holes. The mechanism for 
electron emission proposed by GRUNBERG and 
WriGHT®) of electrons 


requires the presence 


trapped in shallow (low energy) surface sites (of 


unknown composition) as well as electrons trapped 
at oxygen ion vanancies (F’ centres) and it is 
possible that both types of trap are filled during 
irradiation. We have observed that exposure to air 
or oxygen at room temperature for several hours 
after irradiation results in a small reduction in 
emission, whereas there was no reduction if the 
sample was maintained in nitrogen. It appears 
therefore that some of the centres responsible for 
emission can “decay” through oxidation but the 
“‘spontaneous decay’? observed by GRUNBERG is 
very slow if it occurs at all. This implies that the 
shallow traps are continually being replenished 
at room temperature, and that the removal of F” 
centres by diffusion is very slow. It seems likely 
that the main role of gamma radiation is to create 
F’ centres by filling existing vacancies with 


electrons. It is of interest however to consider 
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the possible formation of vacancies as a result of 
atomic displacements produced by irradiation. 

Using data from Drienges and Vineyarp ®), it 
is possible to estimate the vacancy concentration 
brought about by a given dose of radiation. 
Assuming an atomic displacement requires 25 eV, 
the threshold energy for displacement of an oxygen 
ion is 0-16 MeV, and for displacement of an iron 
ion is 0-44 MeV. The cross section for displace- 
ment of oxygen and iron atoms by Compton 
electrons from 1 MeV gamma rays is 0-13 and 
0-05 barns respectively; thus for FegO3, there 
will be approximately four times as many oxygen 
displacements as iron displacements. 

If it is assumed that the depth of catalyst which 
contributes to the emission is limited to 30 A (see 
Ref. 2), the weight of catalyst on the counter 
platform from which emission would be detected 
is about 3x 10-6g. The number of oxygen dis- 
placements by Compton electrons in this material 
due to a dose of 7 x 10° rads (1-3 x 1014 eV) would 
be 6 x 108, 

Further there is the possibility of displacements 
occurring through multiple ionization by the 
mechanism proposed by Varvey 6, Of the 
1:3x10!4eV absorbed in the surface layer, not 
more than 1 MeV would be used in producing 
each Compton displacement, i.e. not more than 
6 x 10!2 eV in total. There would also be a small 
amount of energy used in vacancy production by 
photo-electrons—probably not more than a tenth 
of this amount. The net energy available for 
multiple ionization will therefore be approximately 
1:2x10!4eV, enough to produce at least 10! 
ion pairs. Existing evidence indicates“) that a 
(p+1)-fold ionization is 100 times less likely to 
occur than a p-fold ionization; one would therefore 
expect about 108 triply-ionized oxygen atoms to be 
produced, each of which might result in a dis- 
placement. Also it is suggested that in alkali halides 
the cross section for displacement by ionization 
may be 30 times that for displacement by direct 
collision. It seems clear therefore that a total of 
at least 10? oxygen displacements could occur. 

This figure must now be compared with the 
total number of electrons counted. In one experi- 
ment, the total number of counts registered on a 
scaler by a catalyst which had received 7 x 10° rads 
was 23,670. Assuming 15 per cent of the emitted 
electrons enter the counter and the efficiency for 


detection is 50 per cent, the total number of 
electrons emitted was approximately 3-2 x 105. 
This estimate could be too low because the 
efficiency for collecting and counting the emitted 
electrons is lower than that estimated, or too 
high because of the possibility of a centre being 
responsible for the emission of more than one 
electron. Even if this estimate is low by a factor 
of 10, it is still possible for all the electron emission 
centres to have been produced as a result of 
atomic displacements. 

Although this necessarily rough calculation in- 
dicates that the production of vacancies through 
atomic displacements could give rise to sufficient 
emission centres, two observations make it un- 
likely that the contribution from this source is very 
great. Firstly, the evidence that a very large in- 
crease in emission is obtained when a sample is 
heated im vacuo before irradiation, and secondly, 
that the maximum emission is obtained after a 
dose of about 10®rads. One might expect a 
continued increase in emission beyond this dose 
if new centres were being created by atomic 
displacements. The fall in emission after higher 
doses of radiation suggests that some of the centres 
are being destroyed; this might be established by 
an investigation of the effect of irradiation dose- 
rate on the emission. 

If the emission centres are produced as a result 
of the radiation exciting electrons into vacancies 
already present, then a much lower energy 
radiation ought to produce the same effect. This 
point has not yet been investigated in detail 
although it was found that irradiation with ultra- 
violet light (energy about 3-5 eV) did not produce 
any emission centres, whereas irradiation with 
Co («) radiation (7 kV) did. 

It is not yet clear what the relationship is 
between the production of emission centres and the 
increase in catalytic activity brought about by 
irradiation. It has proved difficult to obtain 
quantitatively reproducible data for the variation 
of catalytic activity with the dose of radiation 
absorbed, but increases in activity of 50 per 
cent have been obtained after doses as low as 
10° rads. 

It has also been found that the activity of some 
catalysts can only be increased by radiation if 
adsorbed gases are first removed. 

Finally, it should be said that these results can 
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only be regarded as applying to the catalysts used 
in this work, and quantitative differences would be 
expected when using pure Fe2O3 or other iron 


oxide catalysts. It is recognized that much more 
accurate and reliable results would be obtained 
by using a more refined technique for measuring 
the intensity of emission, the most important 
feature of which would be the substitution of an 
electron multiplier working in high vacuum fo- 
the proportional counter. 
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Abstract—An analysis of quantitative X-ray powder diffraction intensity data has been made with 
the purpose of determining the ionic distribution in GdgA]s3Fe2O12 and Ys3AlsFe2O12. It has been 
found that the exact distribution cannot be determined in this manner. However, the distribution 
recently deduced by Geller is compatible with the results of the X-ray analysis. 


INTRODUCTION 
IN A RECENT paper!) GELLER calculated the ionic 
distribution in several substituted rare earth iron 
garnet systems. His results indicated that the 
fraction of aluminum ions in tetrahedral sites is 
0-62 in GdgAlgFeoOy2. 

The present study of the Al—Fe distribution in 
GdsgAlg FeO} and Ys3AlgFeoO}2 is based on 
quantitative X-ray intensity data. The yttrium 
compound gave a better diffraction pattern with 
measurable lines over a wider angular range, 
presumably because of the reduced fluorescence. 
The replacement of gadolinium by yttrium should 
have little effect on the ionic distribution. 


EXPERIMENTAL 

Preparation of specimens 

The compounds were prepared by coprecipita- 
tion of the metal hydroxides from a stoichiometric- 
ally proportioned solution of the metal nitrates. 
The mixture of hydroxides for each compound was 
calcined at 800°C for 16 hr to form the oxides.* 
The oxide mixtures were compacted into pellets 
and fired for two hours at 1350°C. The fired 
ceramic discs were then pulverized, recompacted 
and refired through a total of four cycles, that is, 
until the sharpness of the lines on the X-ray powder 
photograph of each specimen indicated complete 
combination to a single garnet phase. 


* The author is indebted to D. W. MITCHELL of these 
Laboratories for providing the calcined oxide mixtures. 


Diffraction data 

The X-ray powder photographs were taken 
with Straumanis-type Norelco cameras of 114-59 
mm diameter using CrK radiation. The specimens 
used for quantitative diffraction intensity analysis 
were prepared by grinding the ceramics to pass 
through a 400 mesh screen and mixing the 
powder with a small amount of petrolatum as 
binder. ‘The sample was placed in a specimen 
spinner in a Norelco diffractometer and irradiated 
with CuKz~ radiation. The areas of the recorded 
Keuftel 


diffraction lines were measured with a 


and Esser compensating polar planimeter. 
Crystallographic data 
The lattice constants, determined from measure- 


ment of the powder photographs and the diffracto- 
meter patterns are: 
12-267 A + 0-003 A 


12:161 A 


GdgAl3Fe20}2 


Ys3AlgFeoO}o . 0-003 At 


IONIC DISTRIBUTION FROM X-RAY DIFFRAC- 
TION ANALYSIS 

Relative intensities were calculated{ for models 

with 52 per cent, 62 per cent and 72 per cent of the 

aluminum ions in tetrahedral sites. Corrections 


+ This value is in agreement with that previously 
found for this compound. (?) 
p[Faxi]? L-P x 10-®, where p 
structure amplitude, L-P 


multiplicity 
Lorentz- 


bs Ink 
factor, F 
polarization factors. 
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Table 1. Observed and calculated intensities of Y3AlgFe2O\2 and Gd3Al3Fe2012 


Y3 }[ Aly Feo_y](AlzFes_z)O12 { Gd3} [Aly Feo_y](AlzFes_z)O12 


& UN eR WwW 
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n.o not observed 


All lines not listed were either space group absences or not observed with calculated intensities all less than 5 
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were made for dispersion of the CuK~ radiation 
by the metal ions.) Both the real and imaginary 
parts of the corrections were included. The atomic 
scattering factors for Y*+, Gd?*, and Fe?* were 
taken from the tables of THomMas and Umepa"), 
those for Al3+, from ViervoLL and Ocrim®). 
The scattering factors: for O?- are 
Bercuuis et al.,) arbitrarily modified such that 
fo2- = 10-00 at sin 0/A = 0 and fo?~ = fo for all 
values of sin #/A >0-20. The temperature factors 
used were 0-1 for Gd3*, 0:3 for Y3+, 0-6 for 
octahedral Fe?+—Als+, 0-8 for tetrahedral 
Fe3+— Al8+ and 1-20 for O?-. These values are in 
accord with those either determined or found to 
be reasonable in previous garnet work (see e.g. 
Refs. (7), (9) and pertinent references in those 
papers). The atomic scattering factors were ad- 
justed to values proportional to the Fe?+—Al* 
ionic distribution in the octahedral and tetrahe- 
dral sites. 

The original calculation of the intensities* 
for the 62 per cent model was made using the 
yttrium-iron garnet oxygen coordinates: (—0-027, 
0-057, 0-149).8) It appeared that the agreement 
could be improved by refinement of the oxygen 


In yttrium-iron garnet, the octa- 
hedral Fe—O distance is 2-00 A and the tetrahedral 
distance 1-88 A.'8) The octahedral Al-O distance 
has been found to be 1-95 A in the natural silicate 


coordinates. 


garnet grossularite;) the tetrahedral Al-O 
distance in yttrium—aluminum garnet is 1-77 A.0 
These values were weighted for the 62 per cent 
distribution and new metal-oxygen distances 
computed from them. In this model the octahedral 
distance is 1-97 A and the tetrahedral distance is 
1-81 A. New oxygen coordinates (—0-035, 0-054, 
()-148) were calculated to fit these distances and 
used in the subsequent calculations. The results 
are shown in Table 1. It seems probable that 
coordinates 


further refinement of the 


could 


oxygen 


improve the agreement for particular 


* The calculated intensities were computed on the 
IBM 704 computer using the Fortran program devised 
by R. G. TreuTING.(?) 


those of 


reflections, but is not required for the purpose of 
the experiment. 


DISCUSSION 

There is rather close agreement (Table 1) 
between the observed relative intensities and those 
calculated for each of the three trial distributions. 
The 220 and 211 reflections appear to be most 
sensitive to the ionic distribution: these reflections 
are relatively insensitive, within reason, to tem- 
perature factors. As for the remaining reflections, 
there is really no choice among the three distri- 
butions. Thus, any conclusions relative to the 
best model must depend only on these two re- 
flections. Obviously, a conclusion -ased on these 
two reflections will lack precision. However, there 
is some indication that the fraction of Al®* ions 
in tetrahedral sites lies within the values (‘Table 
1) 0-52 < 2/3 < 0-72 and perhaps closer to 0-62 
than to the other values. In any event, the distribu- 
tion predicted by Geller: 

{Gdg3}[Ali.14Feo.86](Ali.s6Fe1.14)O12! 


is compatible with the results of the X-ray 
diffraction analysis. 
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Abstract—The optical properties of color centers involving trapped electrons in LiH show that 
properties of the crystalline media other than the lattice parameter are important in relation to the 
energy of the optical absorption bands. The F band in LiH is found at 2-4 eV instead of at 4:8 eV, 
as predicted by the Ivey formula for F bands in the alkali halides. Other properties of the F band 
in LiH are consistent with expectations from the F-center model and with the high vibrational 
frequency and high cation-vacancy mobility in LiH crystals. The M band, Li-colloid band and 
other bands in LiH are also shifted to lower energy; therefore, the sequence of bands in LiH is 
comparable to the familiar sequence found in KCl. 

The principal V band in LiH is at 3-5 eV. The properties of the center responsible for the V band 


are consistent with those of an Hg molecule trapped at an anion site. This is the same as one proposed 


for the V; center in KCl. 
“Impurity”’ bands are found both in “‘pure’ 
colloid and Z-type centers ar« 


report d only in LiF. 


found, < 


INTRODUCTION 


RADIATION-INDUCED optical absorption bands have 
been examined in single crystals of LiH, and the 
results have been interpreted in terms of the color- 
alkali halides. 
SEITZ in 


center models developed for the 
These models were described by two 
review articles in 1946 and 1954,“ and they were 
subsequently revised at International Symposia 
on Color Centers at Chicago in 1956 and Corvallis, 
Oregon, in 1959. The color-center models have 
been used to interpret optical absorption spectra 
of alkaline earth halides, alkaline earth oxides and 
alkali all of which are crystallographic- 
ally less similar to the alkali than the 
alkali hydrides. 


The only previously reported work on color 


azides 


halides 


* Work performed under the 
Atomic Energy 


+ Guest scientist under the L 


gram. 


auspice 
Commission. 


mmer 


A.5.L. Su 


’ and in Mg-doped LiH crystals. Bands due to Mg 
ilong with a series of fine-structure lines like those previously 


centers in alkali hydrides is that of JOHNSON ®?, 
who studied the optical absorption in films of 
NaH and KH built up by the successive evaporation 
of metal onto a window followed by reaction with 
hydrogen. JOHNSON reported the observation of 
F bands at 360 mp in NaH and 480 mp in KH, 
in agreement with predictions from the Ivey 
formula for F bands in the alkali halides. @ 
Although most of the properties of color centers 
observed in LiH with the color- 


center models, the energies of the optical absorp- 


are consistent 


tion bands are much less than those predicted 
from the Ivey formulae. For this reason we have 


taken care to reproduce our measurements under 


t These results were first given in a paper by PRETZEL 
American Physical Society (Bull. Amer. Phys. 
155 (1957)) and again in revised form 


to the 
Soc. (ser. 2) 2, 
at the 1959 Symposium on Color Centers. An anomaly 
also appears in the energy of the fundamental ultraviolet 
absorption bands in LiH which was discussed in Paper I 


of this series 
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varying conditions, and with Lewis we have 
made concurrent measurements of paramagnetic 
resonance (ESR) absorption by the crystals (which 
are reported in Paper IIT of this series).“6) Non- 
stoichiometric LiH crystals containing an excess 
of Li metal were prepared, but quenching these 
crystals to room temperature produced Li colloid 
rather than F centers. The rapid aggregation of 
F centers to form Li colloid in LiH at room tem- 
perature is evidently related to the high mobility 
of cation vacancies as deduced from electrical 
conductivity measurements (see Paper I). For 
this reason most of the irradiations and measure- 
ments designed to study the F band in LiH were 
performed at low temperature. 


EXPERIMENTAL 

The LiH and LiD plates used for the optical 
absorption studies were about 8 mm square and 
from 0-2 to 2 mm thick. The plates were cleaved 
from the single crystals described in Paper I, 
which contains a description of the purity, 
physical properties and composition of the LiH 
crystals employed. To prevent corrosion of the 
LiH crystal surfaces, all plates were cleaved and 
mounted in the absorption cells inside a dry box 
containing argon; the plates were then kept under 
vacuum inside the absorption cells. Some colored 
crystals were similarly transferred to the absorp- 
tion cells with minimum warming and exposure 
to light. 

Neutrons, X-rays and y-rays and f-rays from 
LiT incorporated in a few of the samples were 
used to color the LiH crystals for optical absorp- 
tion studies. (The tritium f-rays in the LiH+ LiT 
crystals acted as a constant source for kinetic 
studies.) The y-irradiations were carried out 
using a 750 Curie Co® source at room temperature. 
Low-temperature irradiations of several samples 
were performed inside the optical absorption 
cells by using X-ray or neutron beams directed 
through the Be windows in the cells. The X-ray 
source used was a GE Model XRD machine with 
a Cu target operated at 40 keV and 20 mA. J. E. 
Dummer, of this Laboratory, examined the X-ray 
beam from this machine at the position of the 
samples. The center of a 1mm LiH plate was 
found to be in an X-ray flux of 25 r/sec with 8 
to 10 keV average energy at that geometry. 
Neutron irradiation was carried out using a beam 
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of ~ 109 n/sec cm? from the 5 MW swimming- 
pool reactor at this Laboratory. Neutron irradia- 
tions were also carried out on samples sealed 
inside cooled Nylon “rabbits”? which were re- 
peatedly passed through the 5.x 101! n/cm? sec 
flux region of a 25kW homogeneous reactor 
and recooled under liquid nitrogen. Doses from 
0-3 to 15x 10!4 n/cm? were obtained in this way 
without warming the samples above 200°K during 
the irradiation, 





| f 
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Double optical absorption cell for Beckman 
(a) reference crystal, (b) 


Fic. 
DK-2 spectrophotometer: 
colored crystal, (c) sample thermocouple, (d) Cu support, 
(e) Cd septum, (f) quartz windows, (g) 0:18mm Be 
window for exposing sample to X-rays or neutrons with 
sample holder rotated 90° counterclockwise. 


Two of the small optical absorption cells used 
were comparable to the cell described by CAsLER 
et al.) and were made of stainless steel with 
quartz windows. A large double cell was con- 
structed to hold both sample and uncolored re- 
ference plates in the respective beams inside the 
cell compartment of a Beckman DK-2 spectro- 
photometer. ‘This arrangement has the advantage 
of displaying the radiation-induced absorption 
bands in the sample against an approximately 
flat background by cancelling out the effects of 
the tail of the 252 mp fundamental LiH absorp- 
tion band in the near-ultraviolet region. The large 
cell holds 1-5 1. of coolant in the Dewar-like uppe1 
portion, and it is also equipped with a thermo- 
couple and an electrical heater for control of the 


sample temperature. Fig. 1 is a horizontal cross; 
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section through the lower part of the cell showing 
the relative placement of sample and reference 
crystals on the Cu holder with respect to the quartz 
windows of the cell and the Be window used for 
neutrons or X-rays. The Cd septum between the 
reference and sample protects the reference crystal 
from exposure to scattered neutrons, X-rays, or 
intense bleaching light. 

Most optical absorption measurements were 
made using a Beckman DK-2 spectrophotometer 
and results were verified by running some spectra 
also in a Cary Model-11 instrument, which was 
also useful for strongly colored crystals because 
of its extended density range. The spectra were 
recorded with liquid nitrogen in contact with the 
crystal holders to improve spectral resolution 
and minimize possible bleaching of the sample. 
and those given in the figures of this paper were 
taken at 80°K temperature is 
specified. 

Optical bleaching was done using a wolfram- 
filament microscope lamp or an AH-4 mercury- 


unless another 


vapor lamp as the light source, except for those 
bands which required less intense light and could 
be bleached in the spectrophotometer. A green 
filter with maximum transmission at 550 my was 
used to obtain F light, and a blacklight filter 
which transmitted the Hg lines in the 365 mp 
region was used for bleaching in the V bands. A 


polaroid filter was used in conjunction with the 
source of F light to study symmetry effects of 
F to M-band bleaching. A Nicol prism was in- 
stalled between the cell and phototube compart- 


ments of the spectrophotometer to analyze for 
dichroism produced by bleaching with polarized 
with X-ray- 


vere 


light. The apparatus was tested 
colored NaCl and KCl crystals which 
bleached at 300°K with F light polarized in the 
direction of [110] crystal axes to produce M bands. 
The c rystals were cooled to 80°K before the polar- 
ized bleaching light was turned off. The resulting 
dichroism was found to have a maximum negative 
value at the F band and a maximum positive 
value at the MW band, in agreement with results 
on KCl reported by vAN Doorn‘), Similar, 
though less conclusive, results were obtained for 
LiH, with the only region of positive dichroism 
under the M band. 

The absorption spectra have been replotted as 
absorption coefficient (x) in cm =! vs. photon 


RUSHING 


energy in eV in Figs. 2 through 13. The spectra 
have been analyzed to estimate the widths of the 
component bands and to compare the shapes to 
the normal Gaussian or Lorentzian distribution. 
The F band is represented by an asymmetric 
Gaussian (or Pekarian)) distribution with an 
approximately 0-8eV width at half maximum. 


ENERGY (eV) 
Fic. 2. Absorption bands in LiH crystal exposed to 
9x10!%5 n/cm* at 80°-200°K: (a) after irradiation 
—-—N ~ 2-8 x10!’ F centers/cm?, (b) after 2 min bleach 
““white’’ light at 300°K, (c) after 5 min bleach 
‘‘white’’ light at 300°K, (d) after 3 weeks dark 
‘white’ 


with 

with 

storage at 300°K, (e) after bleaching (d) with 
light at 300°K for 30 min. 


, 


An estimate of the concentration of F centers in 
a given LiH crystal may be obtained from the peak 
absorption coefficient (%max) by substituting the 
half-width (Wj 2 0-8 eV) and the refactive index 
(n = 1-985) into the modified form of SMAKULA’s 
equation,29) Nf = 1:28 x 10!"[n/(n?+2)?] W1,2 
%max, Which becomes N = 7:0 x 101 omax if it is 
assumed that f = 0-82 as BATE and 
Heer"!)) for LiF. 


found by 


ABSORPTION BANDS IN “PURE” LiH 
Major bands formed by intense irradiation at 
low temperature 
A typical result of the low-temperature irradia- 
tion of LiH to produce color-center concentrations 
of the order of (1-4) x 10!’/cm® is given in the 
first curve of Fig. 2. 'Two complex bands are the 
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major products: the V* band at 3-5 eV and the 
F* band at 2-4eV. The F-center paramagnetic 
resonance (ESR) was found in samples whose 
optical spectra are represented by curve a, Fig. 2. 
The connection between the F-center ESR and 
the 2-4 eV optical absorption was established by 
making parallel measurements on samples which 
were differentially bleached to produce the M 
band as indicated by curve 5, Fig. 2 or which 
contained an electron-trapping impurity.*+ 


F LIGHT, 80°K 


10 20 30. +O io 20 30. © ©40 
TIME (MIN) 


Fic. 3. Bleaching of F* and V* bands in LiH crystal 

colored by X-rays at 200°K. First bleached ~ 9 per 

cent of bands by F light at 80°K, and thermally bleached 

38 per cent in dark at 310°K. Both curves correspond 

to an exponential (1st order) bleaching mechanism: 
F* band, —- --— V* band. 


The complementary character of the V* band and 
the F* band was established by bleaching studies 
using either F light at 80°K or thermal bleaching 
at ~310°K as shown in Fig. 3. The mutual 
annihilation of centers responsible for the V* 
and F* bands by excitation of F-center electrons 
with F light leads to the conclusion that trapped 
holes, or V centers, are responsible for the V* 
band. 

The designation of the F* and V* bands of 
Fig. 2 as complex bands was chosen in the light 
of evidence which indicates that other weaker 
bands exist under the broad overlapping envelope 
of curve a. However, the two maxima at 3:5 eV 
and 2-4 eV are typical of the simplest centers which 
evidently correspond to the Vi; and F bands in 

+ The details of these experiments are contained in 
Paper III. 
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the alkali halides. The tail of the 252 my funda- 
mental absorption band is shown on the high- 
energy side of Fig. 2. to illustrate the comparatively 
narrow confines of the spectral range in which 
radiation-induced color-center absorption in LiH 
has been found. Because the simpler color-center 
bands in LiH are also comparatively broad and 


40 60 80 
X- RAY DOSE (HOURS) 
i 


20 
ENERGY (eV) 


Fic. 4. F-band growth in LiH crystal X-rayed at 80°K 

Lower part shows spectra of F* band after: — — 3 hr, 

9-5 hr, —— 19 hr, — -— 42 hr, —— 87 hr. Upper 

part shows corresponding growth curve for F* band with 

linear portion corresponding to the absorption of 
18 keV/F center. 


frequently overlap each other, it is often difficult 
to obtain conclusive evidence on the shape of 
individual spectral bands. 


2. F Band 

The growth of the F band (+satellites) in a 
LiH crystal X-rayed at 80°K is given in Fig. 4. 
The shape of the growth curve as a function of 
X-ray dose is similar to those obtained for alkali 
halide samples"?) and a similar explanation for it 
may be given: the first rapid growth occurs 
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because electrons are trapped at free (or readily 
freed) anion vacancies in the LiH crystal, whereas 
the linear portion of the curve extending beyond 
7 x 1016 F centers/cm* corresponds to the energy 
required also to produce the anion vacancies 
from sources normally present in the crystal.* 
The maximum of the F band in Fig. 4 is at a 
lower energy than normally observed, but the 


ENERGY (eV) 
Fic. 5. Analysis of F* band formed at 80°K. Lower part 
shows: F* band formed by X-rays in Fig. 4, on™ 
band after 2-5 hr bleach in F light at 80°K, A band 
after bleaching the F band with F light for 8 hr at 
200°K, —--—- A band corrected for other bands. Upper 
part shows F' band corrected for absorption by A, V 
and K bands in LiH. The half-width of the Ff band 
at 80°K is 0-05 eV, and the spectrum corresponds to 


5:1x10!6 F centers/em® and 1-7 x 10!® A centers/cm?. 


reason for this anomaly is revealed by bleaching 
the final spectrum of Fig. 4 with F light at 80°K 
and then at 200°K, as shown in Fig. 5. A narrower 
(0-5 eV wide) band with its maximum at 2-10 eV 
was found under the F band; this band is more 
stable towards bleaching light and is similar to the 
F band in shape. It has been called the A band 


* Note that this energy requirement is high in LiH, 
about 18 keV/F center. The rates of F-center production 
by various kinds of ionizing radiation will be described 


in a subsequent paner 


PRETZEL and C. C. RUSHING 


by analogy to bands found in the alkali halides.t 
Correction for absorption in the A band and ap- 
proximate corrections for the V- and K-band 
absorption on the other side of the F band re- 
sulted in the F-band curve shown in the upper 
part of Fig. 5, with the maximum in the normal 
position at 2-4 eV. 

The half-width of the F band at 80°K is 0-75 eV 
according to Fig. 5, but other analyses have led 
to larger values; hence 0:8eV was chosen to 
F-center concentrations 


calculate approximate 


Vo / K F A M 
. - 

ENERGY(eV) 

Fic. 6. Complexity of V bands and F* band formed by 

80°K X-irradiation and optical bleaching: - after 

8 hr X-irradiation, after 15-5hr X-irradiation, 
after 61 hr X-irradiation, after 20 min F 

after 96 hr total X-irradiation with 


intermediate optical bleach. 


light bleach, 


from the modified form of Smakula’s equation 


given previously. Measurements indicate that the 
change in half-width at 300°K is probably less 
than 10 per cent from the 80°K value. The presence 
of other centers in the samples with absorption 
bands overlapping the F band made it impossible 
to measure the temperature dependence of the 


F band directly. 

Other minor absorption bands are illustrated 
in Fig. 6, including the K band, impurity bands 
and possibly a metastable F’ band, which may all 
contribute to the broad general rise in absorption 
under the F band during the early stages of X-ray 
coloring. The K band is named by analogy to 
alkali halide spectra, and no proof for the existence 


+ Lury reported at the 1959 Symposium on Color 
Centers that the center responsible for the A band in 
KC] is an electron trapped by a vacancy pair. If the 
2:10 eV band in LiH does not show similar dichroism, 
the designation should probably be changed. 
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of an F’ band was obtained from attempts to ob- 
serve the reversible F — F’ transition in bleaching 


experiments. 


3. V Bands 

The presence of more than one V band in LiH 
crystals X-rayed at 80°K is also illustrated in 
Figs. 6 and 7. The V; band at 3-5 eV is pre- 
dominant in heavily irradiated samples; but the 
presence of the V2 band at approximately 3-9 eV 
is assumed to be responsible for the shift of the 
V*-band maximum toward 3:65 eV, as shown 
in the upper curves of both figures. Improved 
resolution of the Vj and the V2 bands is shown in 
the upper 80°K spectrum of Fig. 7 which is com- 
parable to the spectrum found at 300°K. An in- 
completely resolved Vg band near 4:5 eV also 
contributes to the variation observed in the V’*- 
band region of Figs. 6 and 7.+ Although concen- 
trations of V; centers were similar to those of F 
centers (> 10!7/cm%) in neutron irradiated LiH 
crystals, the observed concentrations of the other 
V bands did not exceed 5 x 10!6/cm?. 

Although the initial growth of the V bands 
during low-temperature irradiation is not as regular 
as the growth of the F band, low-temperature 
bleaching consistently indicated the mutual 
annihilation of V; and F centers comparable to 
Fig. 3. A slight increase of V}-band bleaching was 
observed relative to that of the F band in Fig. 6 
which apparently corresponds to the transforma- 
tion of some of the VY; centers to V3 centers. ‘The 
more generally observed inequality of Vj- and 
F-band bleaching is the type shown in Fig. 2, 
in which the F centers are destroyed more rapidly 
than the Vj centers to produce M centers. From an 
analysis of the differences between various spectra 
and from bleaching studies, it is deduced that the 
V; band is comparable to the F band in width 
(0-83 + 0-05 eV) and that it probably has a more 


’ 


symmetrical Gaussian band shape than the F 


band. 


+ Care must be taken in interpreting the spectra ob- 
tained beyond 4 eV in Figs. 6 and 7 even though the 
uncolored reference LiH crystal was cleaved from the 
same plate as the sample. The fundamental band ab- 
sorption in the reference forces the spectrophotometer 
slit to open rapidly and reduces the resolution of the 
instrument. It is not certain whether the 4:5 eV band is a 
resolved band or a radiation-induced extension of the 
fundamental band to lower energy. 


4. M, N and R Bands 

The M band in LiH is at 1-7 eV (Fig. 2). It is pro- 
duced by optically bleaching the F band at 300°K. 
The properties of the M center in LiH are analogous 
to those found for M centers in the alkali halides 
insofar as they have been studied. M centers may 
be an intermediate in the formation of Li colloid 


3 
ENERGY (eV) 
Fic. 7. V bands and Li colloid band formed by X-raying 
LiH at 300°K: spectrum of crystal of Fig. 6 after 
total 105 hr X-irradiation at 80°K intermittent 
optical bleaching, after 50 min F-light bleach at 
160°K, after 16°5hr X-irradiation 
starting at 80°K but 


with 


additional 

mainly at 300°K, 
after 110 min 

19 hr thermal bleach 


same 


spectrum at 300°K, bleach with 


““white’’ light at 80°K, after 
at 300-370°K. 


from F centers, as shown in the bleaching results 
of Fig. 2. The M band is about one-half as wide 
as the F band (0-4 eV), and there are indications 
of the development of dichroism in the M band in 
LiH bleached with polarized F light similar to that 
found in the alkali No paramagnetic 
resonance associated with the M band has been 


halides. 


found within the limits of sensitivity of the 
apparatus in samples containing ~ 5~x 10!6M 
centers/cm?, 

The N band is at 1-3 eV and is about 0-2 eV 
wide (Fig. 7). The N band has also been observed 
with some F band in relatively thick LiH films 
of imperfect structure. In some spectra there are 
indications of weak absorption bands in the 1-4 
to 1-6eV range, which may correspond to the 


R bands in the alkali halides. 
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5. Li-Colloid band 
Colloid bands LiH 


crystals, with maxima from 1-85 to 1-91 eV and 
with half-widths from 0-4 to 1-0 eV, depending 
upon the conditions of precipitation which in- 
fluence the Li particle size and the particle-size 
distribution. Narrow colloid bands are formed by 
allowing a colored LiH crystal to warm to room 
temperature in the X-ray beam as illustrated in 
the upper curves of Fig. 7. The narrow colloid 


have been observed in 


band sharpens on cooling the crystal to 80°K, 


rT 


ENERGY (eV 


Fic. 8. Li colloid band in LiD crystals: formed by 
exposure to 3-4 x10 r of y-rays at 300°K, formed 
by warming from 80°K to 300°K during X-irradiation 
as in Fig. 7 and plotted to double scale for comparison. 


and it can be partly bleached by irradiating the 
sample with light absorbed in the colloid band at 
80°K.* Larger colloidal particles are typically 
more resistant to bleaching conditions as illustrated 
by the broad Li-colloid band in Fig. 7. 

3-4x 108 r of 
Co® y-radiation at 300°K to produce the intense 
Fig. 8. 
resonance measurements on this sample showed 


A LiD crystal was exposed to 


colloid band shown in Paramagnetic 


the presence of Li metal.+ LiH is an excellent 


* DexTER predicted differential bleaching in colloid 


bands because of the higher fraction of light absorbed 
by the fine particles.(13 


t Similar results have been reported by Doy_e et al.(14) 
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material for the study of colloid precipitation by 
the paramagnetic resonance method, and a study 
of Li-colloid formation in LiH has been made 
which will be reported in this series. 


“IMPURITY” ABSORPTION BANDS 

The connection between the Mg band and a 
specific impurity in a LiH crystal is rather con- 
clusive, but no comparable evidence exists for 
the origin of other bands described in this section. 
Some can be produced at intensities which are 
dependent on the general purity of the host 
crystal. Others are listed here because they have 
shapes or structures which are not typical of bands 
found in “pure’”’ alkali halides and because the 
trapping centers have a low effective cross section 
and/or are present at low concentrations in the 
crystal. The latter condition may exist for any 
complex defect in the crystal, which may or may 
not include an impurity ion. 


1. Mg Band 

The Mg band at 3-1 eV is over 1 eV wide, and 
it appears in LiH+0-001 MgHpe crystals under 
conditions which would produce Li colloid in 
“pure” LiH. Samples with about 0-1 molar per 
cent MgHg contain this additive in an aggregated 
form at room temperature, as indicated by the 
low-temperature break in the conductivity curve 
of the Mg-doped LiH crystal of Fig. 3 in Paper I. 
The reaction MgHo+2Li- Mg+2LiH is 
thermodynamically favored, which agrees with 
the experimental observation that the Mg band 
is more resistant to optical or thermal bleaching 
than the Li-colloid band. 

The F and V bands are formed in Mg-doped 
crystals irradiated at a low temperature, as 
illustrated in Fig. 9, but the V* band is relatively 
more intense than in a “‘pure”’ crystal. The rate of 
formation of F centers in the Mg-doped crystals 
is about twice that for “pure” LiH crystals, 
possibly because the impurity increases the con- 
centration of vacancy sources in the crystal. 
Bleaching the F band reveals an excess of V centers 


t The Mg band may be similar to the Ca band found 
in KC] containing 3 x 10!8 CaCle/cm?.(15) The effective- 
ness of even lower concentrations of divalent cations 
(~ 2 x 10!7/cm? of Cat* +) for the prevention of 
alkali colloid precipitation in additively colored KCl 
has also been demonstrated. (1®) 


or Sr? 
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in the Mg-doped crystal. The direct effect of 
electron trapping by the MgHg2 impurity to form 
Mg colloid is illustrated in the spectra of Fig. 9. 
The preponderance of V bands formed by X- 
irradiation at 300°K was demonstrated by bleach- 
ing the F band to show the Mg plus V bands 
underneath. 


V Mg 


ENERGY (eV) 
Fic. 9. Absorption bands formed in Mg-doped LiH 
containing ~ 0-1 molar per cent MgHge after exposure 
to X-rays: after 15-5 hr X-irradiation at 200°K, 
after 1 hr F light at 80°K followed by 20 hr in 
dark at 300°K, after 24 hr additional X-irradiation 
at 300°K, after 12 hr bleaching with V* light 
(365 mu AH-4 lamp) at 300°K. 


The regular formation of the Mg band by £{- 


radiation at 300°K in a similarly doped LiD crystal 


containing a trace of LiT is shown in Fig.10. The 
initial spectra are complicated by the V bands, but 
the Mg band is predominant in the final ones. The 
rate of formation of the Mg band was linear to about 
1018 Mg centers/cm* (based on Smakula’s equation) 
1018/cm3, 
The energy required per Mg center is only 3 eV 
calculated from the known concentrations of LiT 
and the linear portion of the growth curve. The 
time lapse of 1107 days at 300°K required to 


with some deviation from linearity at 2 = 


produce the final curve of Fig. 10 indicates that 
the reaction producing the Mg colloid is essentially 
irreversible. The dashed curves indicate the com- 
paratively slow rate at which Li colloid was formed 
in the upper portion of the LiD+LiT crystal 
which contained Mg in the form of stable MgO 
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instead of MgHg. Paramagnetic resonance measure- 
ments showed the presence of Li metal in the 
sample cleaved from the upper part of the crystal, 
but resonances corresponding to either the Mg 
band or V centers were not found in the sample 
from the lower part. This is consistent with ex- 
pectations since Mg colloid should not be para- 
magnetic. 


Fic. 10. Mg band formed by £-irradiation in Mg-doped 
LiD crystal stored at room temperature. Solid curves 
and 1:0 x 1018 
Lil’/cm?® after: (a) 10 days, (b) 43 davs, (c) 193 days, 
(d) 234 days, (e) 528 days, (f) 1107 days. Dashed curves 


for sample containing 6 x 10!9 MgDe/cm? 


show Li-colloid band formed in sample from the part 
of the crystal containing MgO instead of MgDz after 


(d’) 263 days, (e’) 537 days 


2. Z Bands 

A band found at about 2:2 eV in LiH and LiD 
was erroneously reported as the F band in the 
Although 
the 2:2eV band has many characteristics of an 
F band it was found that: (1) the 2-2 eV band was 
not formed by irradiation at low temperature, 


1957 paper (see footnote on page 1). 


but that thermal bleaching was required to resolve 
it; (2) the intensity of the 2-2 eV band generated 
corresponded to about 10!6 centers/cm? in the 
most favorable crystals, but it was undetectable 
in the purest LiH crystals prepared. Magnesium 
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was added to segregate oxide in the preparation 
of the crystals in which the strongest 2:2eV 
bands were produced; therefore, it is reasonable 
to call this band a Z band* by analogy to the bands 
found in NaCl+CaCle and KCI4+SrCle."”) The 
MgHpe aggregates may be much more efficient 
traps for the electrons released by F' centers on 


ENERGY (eV) 


Fic. 11. Z bands in Mg-doped LiD crystal containing 
Upper part: (a) Z band formed by ultra- 
crystal, (b) Z 
1 hr exposure to 570 my light in the spectrophoto- 
c) Z-band thermally bleaching 
band for 20 hr in the Middle 


obtained from bleaching study 


ome oxide 


violet irradiation of cloud) band formed 


recovery aiter 
dark at ~ 300°K 
difference-curves 

Z bands 


deduced by the analysis indicated 


above 


bleaching than simpler traps which might involve 
isolated Mg** ions. If this is true, it will explain 
the absence of Z bands in the the 
LiH+ MgHsp crystals of Figs. 9 and 10. 


spectra ( [ 


; 
which may cor- 


LiH 


band found in the 


* Only one band was found in 
respond to either the Z; or Z: 
halides; 


guish between the models proposed for these bands 


alkali 


therefore no attempt has been made to distin- 


sag <. ©. 
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The Z band can be bleached by Z light in a 
spectrophotometer at 80°K to form a broad 2’ 
band with a maximum at about 2:1 eV, which in 
turn bleaches thermally to reform the Z band 
within 8hr at 300°K. This reversible bleaching 
is entirely analogous to the F—F’ transition in 
KCI," and it even proceeds more easily. ‘This 
property of the Z band has been used to analyze 
complex spectra for the presence of the Z band 
or to obtain the shape of the Z bands in cloudy 
crystals as illustrated in Fig. 11. It was found that 
multiple repetitions of the Z > Z' > Z bleaching 
cycle led to approximately 10 per cent loss in Z 
center concentration per cycle, which occurred 


primarily during the thermal recovery phase. That 


a fixed concentration of trapping centers remained 
in these crystals was demonstrated by irradiating 
such a crystal with ultraviolet light in the tail of 
the fundamental absorption band. The original 
concentration of Z centers was rapidly restored, 
and continued irradiation of the crystal with ultra- 
violet light had no significant effect on the 
spectrum. 

The comparative thermal stability of the Z 
band in LiH has made it possible to study the 
effects of temperature and crystal composition 
on the band without undue interference from over- 
lapping bands. These results are valuable because 
no way has yet been found to make comparable 
studies on the F band, and the work of CAMAGNI 
and CurarotTi?®) on Z bands in KCl+SrCle 
indicates that the properties of F and Z bands are 
similar. A LiD (+MgDe) crystal containing 
1-6 x 1016 Z centers/cm*® was used to study the 
effect of temperature on the Z-band shape at 
80°, 160° and 296°K. The total area under the 
curves remained constant within 0-4 per cent 
during the decrease of the Z-band half-width 
from 0:390 eV at 296°K to 0:348 eV at 80°K. The 
position of maximum absorption also shifted from 
2:214 eV at 296°K to 2-229 eV at 80°K.7 

A comparable crystal of LiH was not found for 


analysis of the temperature dependence of the 


The analysis of Russet and Kiick”) for the effect 
of temperature on the half-widths of F bands was applied 
to these data. For the Z band in LiD the values hvg 

0-052eV and A 0-350 eV were derived for the ex- 
pression for the half-width, W142 A[coth (hvg/2kT)}''*. 
In the formula, A is a constant which is equal to the half- 
width at O°K and vg is the vibrational frequency of the 


F center in the ground stat 
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Z band, but bleaching studies similar to those 
illustrated in Fig. 11 gave 0-47 eV for the 80°K 
half-width of the Z band at a maximum of 
2:195 eV. (The corresponding values for LiD 
studied in the same way are 0-41 eV for the 80°K 
half-width and 2:22 eV for the Z-band maximum.) 
In either case the Z band in LiH is significantly 
wider than in LiD, and the shift of the Z-band 
maximum to higher energy in LiD is expected 
from the reduction in lattice parameter and in 
zero-point vibrational energy compared to LiH. 


550mu 600 


fs fs fi fs fa ff 


24 2:3 22 21 20 
ENERGY (eV) 


Fic. 12. Fine-structure lines found in Mg-doped LiD. 
after long storage in dark at ~ 300°K since coloring. 
Lower part shows Z band with: ———f series originally 
present, and — — — —f’ series developed after Z > Z’ > Z 
bleaching cycle with the corresponding drop in the /; 
line indicated. Upper part shows the analysis of the f/ 
series and f’ series with weak curves indicating the 
i1°4 intensity dependence found for each series. 


3. Fine-structure lines 

Aseries of fine-structure lines, flines, comparable 
to those previously reported in LiF by DELBECQ 
and PRINGSHEIM 29), have been found in LiH. The 
f lines have been found in thick crystals containing 
a slight electron excess (a faint blue color), but 
whose spectra show no other band at a measurable 
intensity. However, they are normally associated 
with either the S or Z bands which are formed 
under similar conditions, 

Two sets of fine-structure lines in LiD are shown 


16 
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on the low-energy side of Z band in Fig. 12. The 
first series of lines (called the f series) consists of 
five lines, with the strongest f; line at 2-016 eV 
and successive fo, f3, fy and fs lines regularly 
spaced at +0-017eV intervals. An _ optical- 
thermal Z-—> Z’-> Z-band bleaching cycle in- 
fluenced the f series of lines, which are also sensi- 
tive to the bleaching conditions. The net result 
was that the intensity of the f series was reduced 
(as indicated for the fj line in Fig. 12) and a new f’ 
series of lines appeared. The f’ series consists of 
an f, line at 2:112 eV and two more lines called 


fz and fs spaced at +0-034 eV intervals from the 


first member. The numbering of the f’ series was 
chosen because the spacing is precisely double 
that of the f series and because a log-log plot of 
line intensity vs. line number (7 in f; or f;) showed 
that the relative line intensity for each series was 
a function of 7~!4 with the f’ lines counted this 
way. This phenomenon might be explained if 
some change of composition or reorientation of 
components in a complex trapping center took 
place during the bleaching cycle which would be 
responsible for the 0-096eV increase in the 
transition energy of the first line and also for a 
change in spectroscopic selection rules to eliminate 
the even-numbered members of the f’ series. 

The analysis of the fine-structure lines was 
rarely as straightforward as in the preceding 
example. The even-numbered members of the f 
series were also either weakened or absent in some 
crystals, and at times other lines were observed 
that were not members The 
results obtained for the fine-structure lines in 
LiH were similar to those for LiD, but not as 
accurate. The fj line appears at 2-004eV, the 
f; line is at 2-091 eV and the average spacing is 
0-016 eV for a five-membered series in LiH. 
Results published for the comparable _five- 
membered series found on the low-energy side 
of the 380 my band in LiF give the f; line at 
3:1713 eV and an average spacing of 0-029, eV.* 
The proposal that the line spacing is related to one 
of the fundamental vibrational frequencies of the 


of either series. 


* The same spacing was found for a series of four 


emission lines in the 595-—>569myp range of the 


luminescence spectrum of LiF by KAPLANSKII. FEOFILOV, 
working with polarized luminescence, found evidence 
that the center responsible for the lines is oriented along 


the [110] crystal axes.?!) 
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LiF crystal‘? does not fit the results for LiH. 


Although the vibrational frequencies of the crystals 
LiD > LiF, the 
fine-structure spacing increases in the same sequence 
(but the difference between LiH and LiD may not 
be significant). The spacing of the purely vi- 
brational of the Lio molecule?) is 
larger than any spacing between series members 
(0-044 eV): therefore, the observed trend of the 
line spacings could be produced if the Lig mole- 


decrease in the order of LiH 


levels free 


cular force constant were reduced in proportion 
to some function of the dielectric constant of the 
crystalline media. 

Although no suitable model for the center re- 
sponsible for fine-structure lines has been found, 
the character of the f series is in excellent agree- 
ment with expectations for an electronic transition 
to five vibrational levels of the excited state. The 
temperature effect on the resolution of f lines in 
LiH is also consistent with a 0-017 eV spacing 
between vibrational levels. No lines are resolved 
at 296°K (kT = 0-026 eV); there is a faint in- 
dication of structure at 160°K (kT = 0-014 eV); 
and structure is fully revealed at 80°K, with the 
first line ~ 0-005 eV wide (RT 0-007 eV). 


4. S Bands 

Two other bands have been observed in irradi- 
ated LiH crystals subsequently subjected to pro- 
longed thermal bleaching at 300°K; because of 
their sharply peaked appearance, these have been 
called S bands. The S) band at 2:05 eV occurs 
in both LiH and LiD crystals, and it is illustrated 
in Figs. 2 and 13. The S, band is 0:22 eV wide 
and is decidely more peaked than a Lorentzian 
curve. Since the S; band appears on thermally 
bleaching the fine-particle colloid band in the 
purest crystals, its occurrence could be explained 
if it represents one electron (or more) trapped 
at the Li-colloid nucleus. The Li precipitation 
nuclei are presumably complex and may include 
impurities such as Cu, Fe, Na and O, which are 
usually at concentrations of at least 
3 x 10!6/cm? in the LiH crystals. 

The So 2°32 eV is 


similar conditions, but it is most pronounced in 


present 


* 


band at formed under 


impure crystals which also exhibit the Z bands. 


* The S; band may be analogous to the 222 my band 


in LiF 


which appears under similar conditions. (?° 


ana <..<. 
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The Sz band is less peaked than the S; band but 
is narrower (0-11 eV), as shown in Fig. 13. 
Colloid and Z bands are also present in the 
spectrum of Fig. 13, where the Z band was 
largely converted to Z’ band to better show the 
So band. 


‘30 


Fic. 13. Sharp impurity bands formed by dark thermal 
bleaching of narrow colloid bands in LiH. Lower part 
shows: S; band formed in “pure’’ LiH after 
X-irradiation at 80°K followed by bleaching, — — 
corrected SS; band. Upper part shows: —— S2 band plus 
others formed in Mg-doped LiD crystal irradiated at 
low temperature and then bleached, —— Se2 band 
corrected for absorption in Z, Z’ and colloid bands. 


DISCUSSION 

The F band in LiH has two striking properties 
compared to the F bands generally found in alkali 
halide crystals: (1) the energy is only one-half of the 
value predicted from the Ivey formula, and (2) 
temperature has little effect on the width of the 
band or on the band maximum. From the lattice 
parameter of LiH and the Ivey formula, a 
calculated F-band energy of 4-8 eV (approximately 
the same as for the F band in LiF) is obtained in- 
stead of the measured value of 2-4 eV. A modified 
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form of an empirical relation proposed by Levy'?9) 
was used to attempt corrrection for the large 
difference between the dielectric constants of 
LiH and LiF, since the lattice parameters are 
nearly the same. The ratio of the high-frequency 
dielectric constants of the two materials was 
multiplied by the F-band energy in LiF to obtain 
a result which is in excellent agreement with the 
observed value: 

; n? (LiF) 

Emax (LiH) = ——— 


(1-92) 
Emax (LiH) = ——— 4-96 = 
(3-94) 

The temperature effect on the F band in LiH 
and LiD was not measured directly because of 
complications mentioned earlier, but it is known 
to be small. However, we have used the data for 
the effect of temperature on the Z bands to estimate 
the probable effect on the F bands. The value of 
hvg = 0-052 eV for the Z band in LiD is near to 
the fundamental infrared vibration Av; = 0:05, eV, 
and a similar correspondence was observed for 
the F bands in a number of alkali halides.* ‘The 
use of hvg = 0-070 eV for the F band in LiH (from 
hy; = 0-072 eV) leads to a calculated 296°K 
width of 0-80 eV compared to 0-75 eV found at 
80°K. These results are within the uncertainty 
of the experimental F-band width determinations 
in LiH. By a similar analysis, the F band in LiD 
should be 0-70 eV wide at 80°K if the 0-80 eV 
width is assumed at 296°K. It may be possible to 
detect such a difference between the LiD and 
LiH F-band widths at 80°K in suitable samples. 
The relative Z-band widths in LiD and LiH are 


consistent with this interpretation and with in- 
dications that the electron is more tightly bound 
to the impurity center as compared to the F center. 
An inter-comparison of extrapolated half-widths 
of F' bands at 0°K shows the sequence of widths 
LiH > LiD > LiF > NaCl> KBr in _agree- 
ment with the expectation that these values are 
related to the zero point energies (1/2hv,) of the 
F center in each crystal. 

The effect of isotopic composition on the 
position of the F-band maximum in LiH and LiD 
has not been observed for similar reasons, but 
such an effect has been observed for the Z band 
(0-025 eV), the f line (0-012 eV) and the f, line 
(0-021 eV). In all cases the energy of the band is 
greater in LiD, as might be expected from the 
smaller lattice parameter of LiD compared to 
LiH. The energy difference expected from the 
Ivey formula for F bands is 0-04 eV, but 0-02 eV 
would result if all the values calculated from the 
Ivey formula were scaled down to fit the experi- 
mental value for the F band in LiH. 

In addition to the F' band, all of the other ab- 
sorption bands produced by _ electron-excess 
centers in LiH are also displaced toward low energy 
compared to the positions of comparable bands in 
LiF or to the predictions from the Ivey formulae. 
The relative position of the major bands is main- 
tained, although the displacement of the more 
complex bands is somewhat less than that of the 
F band. Thus the sequence F, Z, colloid, M, N 
band is the same as that found in KCl with the 
possible exception of the R bands. The series of 
five fine-structure lines is also displaced toward 
lower energy in LiH compared to Lif. 

The diamagnetic character of the V, center in 


* An intercomparison between hyg for the F band and hy for fundamental infrared absorption in five alkali 
halides for which data is available led to the following table: 


Salt LIF NaCl 


hvi(eV) 
hvg(eV) 


0-039 
0-037 


0-020 
0-018 


Most of the values of hvg were taken from 
was obtained in this laboratory. 


KCl KBr KI 


0-012 
0-015 


0-014 
0-011 


0-018 
0-011 


a paper by Russet and Kiick"®) except the value for LiF which 
The large deviation of Avg for KCl may be related to a larger degree of re- 


laxation around the F center in this crystal compared to the others. Russell and Klick have shown that in any 


case the values of vg are low compared to the frequency of the longitudinal waves, 


(€;/€9)?/*%, in the perfect 


lattice. The symbols, »,€; and €0, refer to the infrared absorption frequency and to the static and high- 


frequency dielectric constants respectively. 
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LiH, ESR 
associated with the V; band, is consistent with 
KANzIG’s findings on Vj KCl and 
KBr.'25) He proposed that the center responsible 
for the V; band in these alkali halides is a halogen 
molecule trapped at a halide ion site, and he used 


as evidenced by the absence of an 


centers in 


this model to explain various bleaching character- 
the samples. These low-temperature 


that 


istics of 


bleaching studies indicate transformations 


can occur between the paramagnetic V center 
(X2- molecule ion in two adjacent X~-ion sites) 
and Hf center (Xo 
site) and the diamagnetic V; center and a postu- 
without significant F 


molecule ion in a single X~ -ion 
lated interstitial X~ ion 
center destruction. Similar paramagnetic centers 
have not been detected in LiH irradiated at 78 ig 
although both H and V centers have been found 
in LiF X-rayed at 78°K,'25) but the search for 
paramagnetic V centers in LiH should be extended 
that 
paramagnetic V centers analagous to those found 
in the alkali halides are relatively unstable in 
LiH, the 


should occur less readily and V; centers may be 


to lower temperatures. If it is assumed 


then transformations found above 
stable to higher temperatures as also proposed by 
KAnziGc'*>), The Hea molecule also fits into the 
H~--ion site in LiH and, because of its high 
dissociation energy compared to the halogen 
molecules and the low electron affinity of atomic 
hydrogen compared to halogen atoms, the He 
molecule is relatiy ely stable toward the capture of 
two electrons to produce an interstitial H ion as 
one of the products. It appears that it may be 
necessary to supply an anion vacancy to contain 
the extra H~ ion produced by bleaching a Vj center 
in LiH. These considerations are consistent with 
the observations indicating high thermal stability 
for some Vj; centers in LiH compared to those 
found in the alkali halides.* 

It is interesting to note that the position of the 
V, band is relatively constant for a number of 
crystals despite large differences in crystalline 
anion species and lattice parameter. The V; band 
is at 3-5 eV in LiH, 3-4 eV in KCl and approxi- 
mately 3-0eV in KBr.®) The possible V-type 
band in LiF at 3-6 eV is also consistent with this 
observation, but the experimental evidence on 


* Further evidence on this point will be included in 
a subsequent paper. 


and 
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V, centers is not adequate to support further 
speculation on this point. 

The variable resistance of / and V; bands to 
low can be 


bleaching at temperatures 


mutual 
explained if we postulate the existence of another 


type of V center in LiH crystals which is the 
equivalent of a self-trapped double hole. Such a 
center can be compared to the self-trapped hole 
(or V center) of KANzic’s but, because of the small 
size of the He molecule, it is probably better to 
consider it as a V;-center—anion-vacancy complex. 
This positively-charged complex center could be 
bleached readily by combination with a pair of 
electrons to produce two H~ ions in the normal 
lattice positions. On the other hand, the V; center 
would recombine more easily with help from 
lattice defects capable of supplying the anion 
vacancy needed to accommodate the extra H~ ion 
produced by bleaching. The existence of two V 
centers absorbing at about 3-5 eV would explain 
the difference in bleaching characteristics illus- 
trated in Fig. 3 because the small percentage of 
complexes would be optically bleached with ease 
at 80°K whereas the V; centers would bleach 
more readily under thermal activation. ‘Two other 
observations are also consistent with this inter- 
pretation: (1) the fraction of easily bleached 
(complex) centers is greatest in crystals irradiated 
at the lowest temperatures, and (2) the yield of 
color centers increases with temperature. The Vj- 
center—anion-vacancy complex should dissociate 
into its component parts at elevated temperatures 
because of charge repulsion. ‘This process suggests 
that Vj centers may be produced in LiH either 
by the dissociation of complexes or, more directly, 
by the combination of an irradiation-produced 
H* ion with a H~ ion in the lattice by a mechanism 
similar to that proposed by VARLEY?), 

No specific models are proposed for the centers 
responsible for the V2 and V3 bands in LiH. 
HersH'*8) observed the similarity between the 
optical absorption of the halogen X~ complex 
ions in solution and the V2 and V3 bands in 
potassium halide crystals, but there is no evidence 
foracomparable H3~ complexion. The observation 
of increased absorption in the V3 band in LiH 
following optical bleaching with F light could be 
explained if the absorbing center were an anion 
vacancy instead of a complex V center; in this 
case the V3 band should be called an « band. The 
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complex V bands in LiH could also be the result 
of absorption by complex centers involving an 
He molecule and an impurity ion. Centers of the 


Clo-— Ba 


* complex type were observed by HaAYEs 


and NicHoLs in KCl and KBr doped with divalent 
impurities. 9) The extensive V; center production 
observed in irradiated LiH+MegHe crystals, in 
which electrons are trapped by Mg centers, is 
comparable to the enhanced production of self- 
trapped holes (Clg~ molceule ions) in KCl doped 


with Ag, 'T'l or Pb to serve as electron traps which 
was observed by DELBECQ ef al. 0 
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Correction added in proof : Experimental measurements 
show that the oscillator strength for the # band in LiH 
is approximately f = 0-1 rather than 0-82 assumed in 
this paper. Estimates of F-center concentrations should 
be increased, and other calculations based on these 
should be revised accordingly. 
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Abstract—The magnetic susceptibility, resistivity and Hall constant of samples of tellurium of 
various charge carrier densities have been measured between 4:2°K and 500°K. Pure tellurium shows 
a temperature independent susceptibility between room temperature and the temperature of liquid 
helium. All heavily doped samples show a temperature dependent diamagnetism which is thought 
to arise from the free charge carriers. The magnetic susceptibility and galvanomagnetic effects are 
interpreted with a simple two band model. Hole effective masses, based on the two band inter- 
pretation of the susceptibility measurements, are found to range from 0:14 m to 0:24 m. An impurity 
scattering effective mass of 0:2 m is found for the holes in the most degenerate sample. Magnetic 
evidence for the trapping of charge carriers can be seen in the liquid helium region and an estimate 
of 0-004 eV is obtained for the activation energy of hole formation. All samples show an unexplainable 
temperature dependent paramagnetic contribution to the susceptibility above room temperature. 


1. INTRODUCTION 
EXPERIMENTAL studies on the magnetic properties 
of semiconductors") have shown that useful in- 
formation about the electronic band structure of 
semiconductors can be derived from such measure- 
ments. With this in mind, measurements have been 
made of the magnetic susceptibility, Hall coefficient 
and resistivity of pure and doped tellurium at 
temperatures in the liquid helium region as well 
as near the melting point. 

Investigations of the electrical properties of 
samples of pure and doped tellurium by Kron- 
MULLER et al.'2) and Fuxuroti et al.'3) have shown 
that these are semiconductors which exhibit both 
an intrinsic and extrinsic conductivity region. 
Early magnetic measurements) on tellurium have 
shown a mean mass susceptibility at room tem- 
perature which is diamagnetic and of the order of 
Experiments on the 
the diamagnetic 


—()-31 x 10-6 e.m.u./gm. 
temperature dependence of 
anisotropy of single crystals of tellurium alloys 


were made by Rao and GOVINDARAJAN")? to decide 


whether or not tellurium was a metal. More recent 
experiments with pure tellurium have been re- 
ported by BuscuH and Voct®) who observed a 
change of the susceptibility on melting. However, 
because of insufficient data no attempt has been 
made to interpret the magnetic results in relation 
to the band structure of tellurium. 


2. EXPERIMENTAL METHOD 

The specimens were prepared with tellurium 
from A. D. MacKay which was zone refined and 
melted in glass tubes with the desired impurity 
added. The alloys were then homogenized at 
440°C for several days. 

The room temperature absolute susceptibility 
was determined to an accuracy of 3 per cent with 
a microbalance which was fitted into a vacuum 
case. The low temperature susceptibilities were 
measured with an automatically recording micro- 
balance'8) and are determined with a relative 
accuracy of 0-2 per cent. Since the presence of 
any ferromagnetic impurity would greatly alter 
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Table | 


Doping 


Sample 
P (atomic per cent) 


0-1 I 
0:1 Sb 
0-1 Sb 
0-1 Sn 
1 Sn 
zone refined 


| 
| 


Mm kb WhHe 


the measured susceptibilities, all specimens were 
examined for ferrous impurity. None of the 
samples showed a field dependent susceptibility 
which would have evidenced impurities of this 
kind. 

The resistivity and Hall coefficient measure- 
ments were made with an apparatus described by 
DAUPHINEE and Mooser’), 


3. EXPERIMENTAL RESULTS 
Table 1 gives a list of the alloys studied and 
the corresponding value of the charge carrier 
concentration at 100°K as determined from the 
Hall coefficient. The absolute mass susceptibility 
at room temperature is also given and all values 


02 





00 


1-04 


| mm 
| ook 





/ 


Charge carrier 
concentration at 
100°K (per cm?) 


—X at 300°K 


(e.m.u. gm.) 


-29 x10 
30 x10 
-30 «10 
30 x 10-* 
30 «10 
-29 x 10-6 


3°5 x 1016 
1-3 x 1019 
1°5 x 1019 
2:2 x 101" 
3°5 x 1017 
1 «1015 


appear equal within experimental errors. All 
samples are p-type. The charge carrier density 
in the iodine doped sample is in good agreement 
with that of a sample of similar impurity content 
used by KRONMULLER ef al.2) Our antimony- 
doped samples, however, contain nearly three 
times as many acceptors as their equivalent alloys. 
The two samples of nominal composition 0-1 and 
1 per cent tin have very nearly indentical pro- 
perties with concentrations of about 3x 101’ 
acceptors per cm?. A micrographic inspection 
revealed that these two samples contain appreciable 
amounts of insoluble precipitates between the 
grain boundaries of the tellurium crystallites. We 
think, therefore, that the solubility limit of tin 


Fic. 1. Relative susceptibility of three tellurium alloys (c.f. Table 1) 
vs. temperature. 
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in tellurium is between 10-% and 10-2 atomic 
per cent. 

The absolute susceptibility of the samples 
shown in Table 1 are in reasonable agreement 
with the accepted value of 0-31 10-® e.m.u. 
gm.,{10) and the result obtained with the purest 
sample is in good agreement with the more recent 
value of 2:90x10-’e.m.u./gm. reported by 
Yuan"1l), The absolute susceptibility of specimens 
2 and 5 had to be determined from powdered 
samples. The error in these results can be as much 
as 5 per cent because of the uncertainties related 
to packing and to sample container. ‘The magnetic 
susceptibility of pure tellurium was temperature 
independent in the whole range from 6°K to room 
temperature, and so was that of the 0-1 per cent 
iodine sample. Fig. 1 shows the relative suscepti- 
bility of the other tellurium alloys as a function 
of temperature while Figs. 2 and 3 show the re- 
sistivity and Hall coefficient of the same samples. 
It will be noticed that all samples become more 
diamagnetic as the temperature is lowered and all 
but sample 3 have a maximum in their diamagnetic 
susceptibility occurring around 20 to 30°K. The 
Hall coefficients of these samples are approxi- 
mately constant below room temperature and down 
to about 25°K. Below 25°K the Hall coefficient 
of some samples seems to decrease slightly with 
decreasing temperature. 


4. DISCUSSION OF RESULTS 

4:1 Magnetic susceptibility of a semiconductor 

Let us first review the magnetic properties of 
semiconductors. Following BuscH and Mooser"), 
the total mass susceptibility of a semiconductor 
can be written as the sum of three components: 
the lattice susceptibility Xz, which is the suscepti- 
bility of the electrons in the valence band and is 
diamagnetic; the susceptibility of the free charge 
carriers Xr, which is the susceptibility of electrons 
in the conduction band or of holes in the valence 
band; and the susceptibility of trapped carriers 
Xp. 

The charge carrier susceptibility can be written 
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where Ny is the number of charge carriers per 
cm?, 

pis the Bohr magneton. 

m and m* are the free and effective charge. 
carrier masses for motion in a magnetic 
field,+ 

p is the density of the material, 

k is the Boltzmann constant, 

T is the absolute temperature, 

7 is the reduced Fermi energy (¢/kT), 

F},2(n) is the Fermi integral, and 

F}/2(n) is the first derivative of Fj,2(y). 
Values of these integrals and derivatives 
have been tabulated by McDouGa_t and 
STONER (2), 


When 7 is less than 2, the degeneracy factor 
F\,2(n)/F'1,2(m) is approximately 1 and the charge 
carrier susceptibility is proportional to 7-1. The 
first term in equation (1) represents the spin 
paramagnetism, and the second term the Landau 
diamagnetism of the free charge carriers. 

The susceptibility of N» electrons (or holes) 
trapped in impurity sites can be written as 


Np 
p i 7 


9 9,79 9,2 
pe eK? ma, 


X» — ; = 
6m*3¢2 


where K is the dielectric constant of the material, 
ap is the first Bohr radius of the hydrogen atom 
while the other symbols have the same meaning 
as before. The first term in equation (2) is again the 
paramagnetic component due to the spin, and the 
second term the Langevin diamagnetism of the 
trapped electrons or holes. 


4:2 Determination of the Fermi energy in a de- 

generate semiconductor 

As can be seen from equation (1), before the 
charge carrier susceptibility can be estimated a 
value of the reduced Fermi energy is required. 
Assuming that in a highly doped semiconductor, 
impurity scattering dominates in the low tempera- 
ture region and that a mean free path can 
the carriers which is 


be ascribed to charge 


+ The magnetic susceptibility effective mass is 
identical with the density of states effective mass only 
when the energy surfaces are spheres in wave-vector 
space and the bands are non-degenerate. 
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proportional to the square of the charge carrier 
kinetic energy, the Hall coefficient becomes 


3 h2 3/2 Fy /o(7) 
l6ze \ 2m*kT 


An (3) 


[ Fo(1 )}? 


t i 


and the carrier density is given by 


p = 42h-3(2m* RT)? °F; /2(n) (4) 


The use fulness of equations (3) and (4) in deter- 
mining the Fermi energy from measured values 
of | Ay| is limited because m* is usually not known. 
To obtain some indication of the degree of de- 
generacy of our samples we shall use the values 
tabulated by FrnLayson ef al.“!3) which are based 
on equation (3) and assume an effective mass 
ratio of unity. The reduced Fermi energies derived 
in this manner are given in Table 2 and 7 as a 
function of T' is shown in Fig. 4 for sample 2. It 
is seen that samples 2 and 3 obtain rather high 
positive values of , indicating an appreciable 
degree of degeneracy. All other samples can be 
regarded as non-degenerate, and classical statistics 
applied. In the classical limit the factor Fy 2(n) 
Fj ,2(n) of equation (1) becomes unity, and an 
effective mass can readily be deduced from the 
susceptibility measurement.* The same factor is 

* The calculation of effective masses contained in 
Table 2 are based on the temperature dependence of 
the relative susceptibility of the alloy and the absolute 
susceptibility of pure tellurium. In the region of constant 
Ny and assuming Np < Ny 


X(T) 
X(R.T.) 


X(T) T Xe 
AX+Xre0 


AX includes X;(R.T.) 
cipitated impurity etc. Then provided AX X,, << 1 


X(T) Xy 
X(R.T.) 


1 
where susceptibility of pre- 


+1 


The 
maximum error introduced by assuming the value of 
AX /Xx- - This is 
certainly within the accuracy of 15 per cent claimed for 
Table 2. 


where X,;, is taken to be 0:290 x 10-6 e.m.u./gm 


1 is approximately eight per cent. 


the effective masses in 


and F. T. 


HEDGCOCK 


appreciably different from unity for samples 2 
and 3, and can only be calculated if » is known. 
Since the 7 values reported in Table 2 were ob- 
tained from the Hall coefficient with the implica- 
tion of an effective mass ratio of unity it is in- 
consistent to use them now, to obtain another 
value of m* from the susceptibility experiments. 
However, effective mass values obtained in this 
way appear to be rather insensitive to the incon- 
sistency of the method. It can be seen in Table 2 
that values of m* obtained as described above for 
the degenerate samples 2 and 3 agree fairly well 
with those of samples 4 and 5 treated classically. 
The data for sample 2 shown in Fig. 4 includes 
X, as a function of F1,2(y)/F1,2(y)T as well as the 
percentage change in p as a function of 7'as derived 
from equation (4). Included in Table 2 are values 
of the Hall mobility deduced from Hall coefficient 
and conductivity (see Figs. 2 and 3). The hole 
mobilities are seen to decrease with increasing 
charge carrier concentration and the susceptibility 
effective masses seem to increase with concentra- 
tion. Although the susceptibility effective mass 
is not identical with the mobility effective mass, 
we would expect that both should be governed by 
a similar concentration dependence. Indeed, our 
mobilities are compatible with an increase in m* 
and a decrease in relaxation time with increasing 
concentration. It is somewhat surprising that 
KRONMULLER ef al.’2) have reported a_ hole 
mobility which is substantially /ower in their 
purest sample than in almost all of their doped 
samples. The high mobilities that we observed in 
our purer samples are a result of the long annealing 
of the samples which probably removes most 
dislocations, 5) 

MANSFIELD 14) has shown that for a completely 
degenerate semiconductor the mobility should be 
fairly insensitive to the number of ionized scatter- 
ing centres. This appears to be the case for 
tellurium where the mobilities listed in Table 2 
become approximately constant for the samples 
with highest impurity content. MANSFIELD !4) 
also shows that an “impurity scattering effective 
mass’’ may be estimated from the conductivity 
of a degenerate sample at low temperatures. The 
analysis as applied to our most degenerate sample 
(sample 3) yields a value of m*/mK of 7-2 x 10-8, 
where K is the dielectric constant of tellurium. 
Using the extrapolated value of 4-8 for the 
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Table 2 


p from 40 Lp from 40 to 
to 100°K 100°K 
(cm~) (cm?/V sec) 








1x 10% 


2°6 x 108 
1:3 x 1019 1-2 x 108 
1-5 x1019 1-5 x 108 


refractive index as reported by Moss"), yields for from the magnetic susceptibility would lead one 
m* a value of approximately 0-2 m. The fact that to believe that the Fermi surface in tellurium is 
the value of m* derived from electron transport fairly simple and nearly spherical. 

data is in such close agreement with those obtained 


% change in P 





14(%) 








XE x 10° (@M u /gm) 


4 


6:0 








[F Ye (n)/ F¥2(h) T]x 103 @K~) 


Fic. 4. ‘Temperature dependence of the reduced Fermi energy and hole concentration 
as calculated from equations (3) and (4) for sample 2. Inset shows charge carrier 
susceptibility Ay as a function of F)/2(7)/F1/2(n)T for sample 2. 
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4:3 Determination of the activation energy for holes 
in tellurium. 
As can en in Fig. 4, 40°K the 


calculated number of holes is seen to decrease with 


below 


decreasing temperature in contrast to the apparent 
increase as indicated by assuming the Hall coeffici- 
ent to be inversely proportional to the number of 
free carriers. The increase in the number of trapped 
holes occurs in the region of the susceptibility 
mass of a 


Assuming the effective 


trapped hole to be the same as when activated, 
an estimate of the bound carrier susceptibility Xp 


vields a negl 


igible contribution to the total sus- 

10°K. If the 
low temperatures is due to the 
then the 
free charge carrier susceptibility 


ceptibility decrease in the 


diamagnetism 


+ 


decrease in the number of free holes, 


decrease in the 


can be written 


perm 
exp(—AE/2kT)] 
3pm*2kT 
where N is the total number of carriers, AF the 
activation energy for hole formation, and the other 
symbols have the same meaning as before. A 
graphical estimate of the activation energy based 
on equation (5) yields a value of 0-004 eV and is 
with the value of 0-005 eV 


in good agreement 


deduced from a hydrogenic model of extrinsic 
tellurium based on the same effective mass. 
Sample 3 exhibits a constant diamagnetism in 


the very low temperature region, implying a 
vanishing activation energy and completely de- 
generate behaviour of the charge carriers.* For 
completely degenerate charge carriers in a para- 
bolic band equation (1) reduces to the tem- 


perature independent form 


(Xp)o = 4m*u2(372.N7)1/3 | 1 


where the degeneracy of states in the valence 
band, exclusive of spin, is assumed to be one. 
The above equation yields a value of 0-010 x 10-6 
e.m.u./gm. for the charge carrier susceptibility at 
the absolute zero as compared with the extra- 
polated value of 0-013 x 10-6 e.m.u./gm. observed 


* Bowers(18) has observed similar behaviour in the 


magnetic susceptibility of 
samples. 


highly doped germanium 


and F. 
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for sample 3. Since this agreement is within the 
experimental error in the effective mass, we con- 
clude that the degeneracy of states in the valence 
band must be one (i.e. only one maximum at the 
top of the valence band). 


4:4 High temperature results 

The magnetic susceptibility of the samples 
measured between room temperature and 550°K 
are shown in Fig. 1. All the samples studied, in- 
cluding the purest tellurium, show a slight increase 
in the paramagnetism as the temperature is raised. 
These measurements are in agreement with those 
of Yuan 1 
paramagnetism before melting. The Hall coefficient 


who observed a slight increase in the 


shows the usual conversion from p- to n-type in 
the region of 500°C, as can be seen in Fig. 3. 
Since the number of charge carriers in the intrinsic 
region increases with increasing temperature, the 
effective mass of the carriers would have to be 
greater than m/,\/3 in order that X¢ be positive. We 
cannot afford an explanation of this behaviour in 
any of the proposed band structures of tellurium 


suggested so far. 


5. CONCLUSIONS 

Below room temperature the magnetic and 
galvanomagnetic properties of tellurium can be 
explained with a simple two-band model. Since 
samples containing different kinds and amounts 
of foreign elements always are more p-type than 
pure tellurium, experiments give information 
mainly about the valence band. The present in- 
vestigation would indicate a non-degenerate and 
nearly spherical valence band. The band is not 
quite parabolic. At the top of the band, when 
2x 101" holes per cm® are left, the effective mass 
is about 0-14 mp, while it becomes 0:24 mp when 
the band contains 1-5 x 1019 holes per cm?. The 
hole mobility in pure and annealed tellurium is 
close to about 150°K, in 
comparison with 1-5 x 108 cm?/V sec in pure but 
unannealed material.) Our experimental results 


104 cm2/V sec below 


would also be compatible with a three-band 
model recently proposed by Mooser and PEar- 
oN"), ‘This latter model is capable of explaining 
the galvanomagnetic properties of tellurium above 
room temperature, but so far no explanation can 
be given for the decrease in diamagnetism observed 
in tellurium above 300°K. 
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Abstract 


Previous calculations by Brout for a magnetically dilute system give a value of xoZ = 1 


for the suppression of ferromagnetism, where x9 is the concentration below which ferromagnetism 
does not exist and Z is the number of nearest neighbors. Only nearest neighbor exchange forces 
are assumed to exist. This value was obtained using the first term in the cluster expansion of 1/N 


log <Z>r 


c. In the present paper, we shall find a more exact expression for xoZ by evaluating the 


higher order terms in the cluster expansion. We find that x9 Z~4/3 for simple, body-centered and 
ple, } 


face-centered cubic lattices. 


IN A previous article by Brout), a crude estimate 
of the critical concentration needed to suppress 
ferromagnetism in dilute ferromagnets was given 
as x9 = 1/Z. Here xo is the critical concentration 
and Z is the number of first neighbors. The inter- 
action is assumed to be of the Ising variety (1.e. 
Vijuitj Where vj; vanishes except for nearest 
neighbors and py = + 1). 

It is the purpose of this article to extend the 
calculation given in Ref. 1 (second virial coefficient) 
to higher powers of x in order to arrive at a more 
reliable estimate of x9 for the same model. For 
simple cubic (s.c.) and body-centered cubic (b.c.c.) 
lattices the calculation is carried out to x°. For 
the face-centered cubic lattices the calculation is 
carried to x. All three calculations give x9Z ~ 4/3. 

Unfortunately it is difficult to give accurate 
estimates of convergence, but in all cases considered, 
going from the next highest to the highest order 
included in the calculation does not affect the 
result by more than a few per cent. This is seen 
from equations 1(a), 1(b) and 1(c). This indicates, 
but does not prove, that our estimates are reliable 
to a few per cent for the assumed model of inter- 


action. 


In an article by Sato et al.) comparison of 


* This work has been partially supported by the 
Office of Naval Research. 


their theory with experiment is quoted. In ‘Table 2 
we present this Table with the present work in- 
cluded in the last column. 

It should be cautioned however that agreement 
with experiment is probably fortuitous in that we 
have assumed a simple Ising model interaction with 
only near neighbor forces. We have included the 
Table in the present work in order to compare 
vith the theory of Ref. 2. 


A -A+A+A+ A+t- 


(new notation) 


Fic. 1. Example of the comparison of the present nota- 
tion with that of Ref. 1. 


The Curie point is obtained for H = 0 from the 
equation 
1 @ 


NW ope (1084 2R2clR-0 = (1) 


where we use the notation of Ref. 1. In the second 
derivative the Curie temperature, 7; occurs in the 
form tanh [ ](7;)/kT;]. Hence, putting tanh B,J = 1 
yields a relation for x9 needed to suppress ferro- 
magnetism. In the present notation a diagram with 
n vertices denotes the sum of all semi-invariants 
with the same skeletal diagram in the old no- 
tation.“) An example is given in Fig. 1. We 








CONCENTRATION FOR THE EXISTENCE OF FERROMAGNETISM IN DILUTE ALLOYS 


Table 1. Evaluation of diagrams for (a) simple cubic, (b) body-centered cubic and (c) face- 
centered cubic lattices 
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of various theoretical values with experimentally determined 
values of xo for b.c.c. and f.c.c. 


distinguish between internal and external dotted 
lines in a diagram. A dotted line is internal if the 
diagram remains irreducibly linked when the 
dotted line is removed. An example is given in 
Fig. 2(a). A dotted line is external if the diagram 
becomes reducibly linked when the dotted line 


~ 0-14 


is removed, an example of which is Fig. 2(b). 
Internal dotted-line diagrams are merely correc- 
tions to the prototype solid-line diagram needed 
to insure only one particle on a lattice site. These 
diagrams can be eliminated simply by counting 
the number of ways to place the prototype diagram 





56 M. COOPERSMITH and R. BROUT 


on the lattice keeping the vertices distinct. We therefore conclude that x9Z ~ 4/3 for all 
External dotted-line diagrams represent a new lattices. 


pe ol 1 whicl st be evaluated separately 
type of bond which mu ye EVaiuated separately APPENDIX 


and which makes an important contribution to the ; 
We prove some interesting theorems concerning 


final result. 
diagrams evaluated in 


l 


[7] ons , log VA R/C|R=0- 
iz | ] R: 


(b) 


Fic. 2. Examples of internal and external line graphs. N 


In the Appendix we give the rules for evaluating Fic. 3. Diagram contributing to the coefficient of x3. 

a diagram and also derive a number of interesting 
theorems concerning the relationships between To illustrate the method of evaluating complicated 
different types of diagrams. For the present we diagrams we consider Fig. 3. The contribution is to the 
. : . . ‘ coefficient of x* and is equal to 
state the results for the three cubic lattices. For the 
simple cubic lattice we have: (3) 

I M,° 


C2 S ( " he, 
— fB)” ) Al 
l . N éR2\ rer ia ( ‘ee _ 


log Z R/C|R=0 = 0 
30x + 114444 102x54 
body-centered cubic lattice, 
log<Z>r>cl| R=-0 0= —1l4+aZ- 


8x2— 144x3 + 784x4— 832094... (1b) 


face-centered cubic lattice, 


log<Z>r>c|r-0 = 9 —1l+xZ- oeenenenen 
(d) 
— 60x2+ 216x2+576x4-+ ... (lc) Fic. 4. Correction diagrams in the evaluation of Fig. 3. 


i ) t : > ’ ‘ ' > a ’ or ‘ qre . . * - 
Approximate solutions obtained by iteration are \pere M,(4) means that contribution to Mn arising from 


given by x9Z 1:29, x9Z 1-39 and x9Z = 1:36. diagrams of a particular skeletal type “‘i’’. Now 


- M," 
We rewrite this as follows: 
M2 = Mylunins+riup 
~ 3 My uminy+0jxmjan) + 3My(CuHe?] —2[ My euamins+rjemjmicrvarmind —2Mq 
pene + 3M (ismin)] —5[M(umins inne) — 2M yoni] — 
~ [My ismins+Pxced — 2M Hin] —4M yume) 


micmirPemnnd — Yo _ yo _ yyide)_. y'ae) _ ygi4e__ ya? 
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Substituting equation A4 into Al, we can extend the Using induction we have 

sum down to nm = 1 since equation A2 vanishes for 

for n = 1, 2, 3. We thus get for the contribution of Fig. (4f) = X, (46)n = X"™ 1 
3 to Al: 


] c2 

log <exp [—B(vijuapey + Ujxejex + Veipexpi + UepeKtA)| >R 

Nore 2 one: 
t>jJrk 


—(4a)— (4b) — (4c) — (4d) —(4e)—(4f) de 


co 
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—{ log[cosh BJi2 cosh BJ23 cosh BJ31 cosh BJsa+ 


C 
+ sinh BJi2 sinh 8 J23 sinh 8/31 cosh 8/344 
+ R? (sinh BJi2 sinh 8 J23 sinh 8/31 sinh BJ344 
+ 2 sinh BJj2 sinh 8 J23 sinh 8 J34 cosh 8 J31 4 
+ 5 sinh BJi2 sinh BJ23 cosh BJ 31 cosh 8/344 
+ 4sinh 8Ji2 cosh 8 J23 cosh 8 J31 cosh 8/34 + 
+terms involving R*]—correction diagrams >¢}/ p-o 
N3 ¢(tanh BJi2 tanh B Jo3 tanh 8/3; tanh 6 J34 + 2 tanh BJj2 tanh BJo3 tanh BJ34 + 
+ 5 tanh BJj2 tanh BJo3 + 4 tanh BJj2)/(1 + tanh BJj2 tanh £ Jog tanh BJ31) 


correction diagrams 


q y « a 9 ) 3 S | 
v3 Y(3{(tanh48 J+ 2 tanh38]+5 tanh?8/+4tanh§/)/(1 + tanh°8/)— correction diagrams | 


where we have put v;; = Ji; and have evaluated the hence 

average for nearest neighbor interaction. Y;;) equals the (4b) n+1 Xn 
number of ways of placing the diagram of Fig. 7 on the oe : 
. nr ‘ ns I'he final answer for the contribution to 
lattice. The generalization to any diagram is obvious 
from the above evaluation. It is particularly advantageous | 2 

to evaluate the diagrams of Figs. 5(a), (b) and (c) as log 


v”@ V(5b)).X" 


where the minus sign comes about because 
dotted line. 
Fig. 5(b) gives: 
(Cc) 
Fic. 5. Diagrams of general interest in the calculation (55) 
. Mt 
of more complicated diagrams. 

n(4b), —n(4b)y)—1 
these occur frequently in the evaluation of more com- \T9)n I 
plicated diagrams. For the following, it is convenient 
to put X = tanhf/. 


To evaluate Fig. 5(a) we have: 
(4b)ni1 = X"4+2X"-143X0-24 
2(45)n 3(4b)n E ~~ 2s¢ n(4/) 


where (i)n refers to a diagram of the type of Fig 


n vertices. 


17 
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Evaluating the summations and averages the final 


answer 1S 





Fic. 6. Diagrams contributing to the coefficient of x3 


Finally, for Fig. 4(c) we obtain Fic. 8. Diagrams contributing to the coefficient of x°. 


+ terms contributing to the numerator of (5b), + 2(X" + X"-1+ 


Xn Bias 
1+” 


—correction terms of (55), - Using the evaluations of Fig. 5(a), (b) and (c) and the 
rule for evaluating diagrams the following diagrams 


<> 


/ 


/ 


/ 


Diagram contributing to the coefficient of x°. 


~2(Xn+ Xn-14 


Fic. 9. 


have been calculated. Their values are listed for refer- 
ence in Tables 1(a), (b) and (c). In the following we have 


Fic. 7. Diagram contributing to the coefficient of x4. put X = tanhf/J = 1. 


The final answer is 
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Abstract 


Expressions are derived for linear processes that relate the fundamental transition 


parameters for relaxation in ferrimagnetic resonance to measureable parameters such as linewidths and 
relaxation times. These calculations include the effect of the reaction of spinwaves back onto the 
uniform precession. Previous calculations by others have neglected this effect and the consequences 


of its neglect are discussed. 


INTRODUCTION 


‘THE PROCESSES believed to contribute to ferri- 
magnetic relaxation have been discussed in general 
by a number of authors.“~4) We shall use here 
the description of these processes given by 
CALLEN“) which considers both 


direct relaxation of the uniform precession ex- 


direct and in- 


plicitly. The first process considered is the direct 
relaxation of the uniform precession into the 
lattice; i.e. the destruction of a uniform precession 


magnon and the creation of a lattice phonon. 
This process, following the notation of CALLEN, 
will be denoted by the transition parameter Agog. 
The second process we consider is the destruction 
of a uniform precession magnon (wavenumber 
k = (0) and the creation of a spinwavet magnon 
(k # 0), denoted by Aox. The third process is the 
destruction of a spinwave magnon and the creation 
of a lattice phonon, denoted by Axe. ‘The spin 

lattice parameters (Age and Ago) represent the 
transition from a particular spinwave & to all 
phonons o. ‘The spin-spin’ parameter (Apx) 
* National Science Foundation Postdoctoral Fellow 

+ Present address, IBM Research Center, Yorktown 
York. 


Q magnons created are not 


Heights, New 
t The k 
waves but are normal modes of the sample. However 
for the purposes of this paper we will use the term 


strictly spin- 


spinwave for these modes. 


represents the transition from the uniform pre- 
cession to a particular spinwave A. 
Most previous approaches at the determination 


from measureable 


of the relaxation 
quantities utilized one or another of the presently 


parameters 


available phenomenological equations of motion. 
The equations most used for resonance pheno- 
mena are unsuitable in their original forms, since 
they do not supply us with the three independent 
described 


LIFSHITZ® 


parameters needed for the processes 
above. These equations are the LANDA 


equation: 


M Mx H—\Mx(M~ H) (1) 


6 


or its modification by GILBER1 
M yMx H-\MxM 


3LOEMBERGEN) equations: 


and the BLocH 


Mz y 
M,y (Mx H)z, 


P Vo 
M, y(M x H), : 
T' 
where 7) and 7> are the longitudinal and trans- 
verse relaxation times respectively. CALLEN“) has 
formulated a phenomenological equation which 


does satisfy the requirements of the processes we 
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are considering. This equation is: 


M = «M—yMxH-AMx(MxH) (5) 


where « and A have been derived on a quantum 
mechanical basis as a function of MW, H, and the 
three FLETCHER, et al,'8) 


have recently proposed a set of equations which 


transition parameters. 
are equivalent to equation (5) decomposed along 
another set of axes. These equations, given below, 
derived by the classical balance 


were energy 


approach. 
v(M x H)z- 

l 
Tio 


) T> 
P 2k 


-M,) = »(Mx H), 


My— M; 
2Mpo Ti0 fj ‘ Tix 


where the relaxation times 7}9, 7), and 7», are 


related to the transition parameters as follows: 


l ; | 
Ti0 ( 

Aok 
The difficulty with the above equations how- 
ever, 1s that the results derived from them have 
neglected the reaction of the spinwaves on the 
uniform precession, i.e. it is usually assumed that 
the number of spinwave magnons (N;) is very 
small compared to the number of uniform pre- 
cession magnons (vo). This is not necessarily the 
case in all ferrimagnetics. We will derive here 
expressions relating the transition parameters to 
experimeniaily measured quantities without the 
restriction 7; ny. Also in these derivations we 
will not find it necessary to use a phenomenological 


equation of motion. 


LINEWIDTHS AND A LINEAR 
RELATION 


SATURATION 
The restriction that we will make in this cal- 


culation is to consider only linear* processes and 


* ‘The term linear as used in this paper refers to the 
rate equations that govern the occupation numbers of 


the spinwave states 
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therefore we can not expect to encounter the non- 
linear effects of SuHL"). This however does not 
eliminate the possibility of having nz ~ no, since 
to remain in the linear region we must only require 
that: 

no < Mo/yh (8) 


and: 


ny <Mo/yh (9) 


where Mp is the saturation magnetization, y is 
the gyromagnetic ratio, and h/ is Planck’s constant 
divided by 27. The ratio n/n is not thereby re- 
stricted. Although the that follows 
will not assume small signal conditions explicitly 


calculation 


the neglect of non-linear terms implicitly makes 
this assumption. The criterion for the range of 
applicability will be discussed in terms of SUHL’s 
theory. 

In deriving the linear saturation relation we 
shall begin with CALLEN’s™) analysis of the three 
transitions that we are considering. The inter- 
action term in the Hamiltonian for the uniform 


precession-phonon transition is given as: 


Hy, ~ [b,So+b,So | (10) 


where So and So are the creation and destruction 
for the 
and b, are 


operators uniform precession magnons 


and b similar operators for phonons. 
Similarly for the uniform precession-spinwave 


transition we have: 


Hon ~ [STS 4+: (11) 


™ S*] 


where S; and S; are creation and destruction 
operators for spinwaves. For the spinwave-phonon 
transition the interaction term is: 


H kn ~ [b,S; t b Sx | (12) 


The matrix elements of equation (10) are: 
b So >|? ~ (n,+1)no 

where m is the number of phonons: and: 
b. So >|2 ~ n,(mo +1) (14) 

so that the probability for the transition becomes: 


n,(no+1) No—n, X No 


(15) 


Po, ~ ("-4 1)no- 
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Similarly for equations (11) and (12); 


Por ~ no— nx 


Pro ~ 1—Ng ~ MM 


We now depart from CALLEN’s formulation by 
not assuming m, < mo, however we will neglect 
the number of phonons, n,, with respect to mo 
and nz. In doing this we assume that the lattice 
is thermostated by the surroundings so that 7, is 
constant and can be accounted for by using the 
measured saturation magnetization at the tem- 
perature at which we desire the transition para- 
meters. From equations (15)-(17) we may now 
write the equations for the rate of change of mo 
and nx. 

X"h2 
(18) 


no = —Aodono -S Aox(0 — Me) + 
k 


2h 


ny = Aox(No— MK) —AkoNk (19) 


The last term in equation (18), where / is the 
linearly polarized r.f. magnetic field and X”’ is the 
imaginary part of the diagonal component of the 
r.f. magnetic susceptibility tensor, represents the 
number of uniform precession magnons created by 
the r.f. magnetic field perun it time. At equili- 
brium we have: 


no = Ne = { (20) 
and we can solve equations (18) and (19) for 1 
and n,p.* 

’ —4, AokAk Lyfe 
= 
no Oct pa ea - my 


k 


(Ao+ 2 


k 


(21) 
Aok AokAke 1 X"h2 


Nok + Ako Nok t+Ako 2h 


The ratio of these equations immediately enables 
us to determine the effect of assuming 1, < no. 


Nk Aor 


10 Aok +Ake 


* Equations similar to these were derived previously 
for the case of only one independent spinwave mode 
The results given in that paper are then special cases of 


the results obtained here. 


It is then seen that if mj < mp) we must have 
Age > Aox. It should also be noticed that the upper 
limit on the total number of spinwave magnons 
relative to the number of uniform precession mag- 
nons depends directly on the number of inde- 
pendent spinwave modes excited.+ The maximum 
number of spinwaves are excited if Aggy > Ax, for 
each independent mode, under this condition 
No = nz and the ratio 


a NK/NO 
r 


is then just equal to the number of independent 
spinwave modes excited and can be very much 
greater than one. 

The total number of independent spinwave 
modes excited (K) is then important for the de- 
termination of 


> Nz/ No 
k 


and, as will be seen later, for the interpretation 
of data. It must be pointed out that this analysis 
has not taken into account the transitions between 
k # 0 spinwaves. Actually equation (19) should 


contain a term 


_ > Avi(me n;) 
j 
where j is another spinwave mode, however to 
avoid the mathematical complications caused by 
this term we will make certain assumptions about 
the parameter Ax;. We will assume that Ag; is 
either zero or infinity, i.e. the interaction between 
the spinwaves is so weak that it may be neglected 
or is so strong that the interacting spinwaves 
may be treated as one mode since the strong inter- 
action tends to equalize their populations instantly. 
Therefore what we mean by independent modes 
are those whose interaction with other modes may 
be neglected. This means the value K to be used 
in these calculations is not necessarily equal to the 
greatest number of modes into which one can 
scatter a uniform precession magnon. The problem 


+ In this paper the term spinwave is defined as one 
magnon of any k. Spinwave mode is taken to be 
synonymous with normal mode. An independent spin- 
wave mode is a mode or group of modes whoes inter- 
with all (except k = 0) can be 


neglected. 


action other modes 
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of the value to be taken for K must be investigated 
for each system along with Apg,, Aox, and Ax,. 

We will now relate mp and n; to the magnetiza- 
tion of the sample. CALLEN“) has shown that the 


number of k ~ 0 magnons is given by: 


M = Mo— > yhn: (24) 


k 


and for an ellipsoid of revolution about the axis of 


the d.c. magnetic field the number of k 0) 


magnons 1s: 
M M—-yhno (25) 
V/. is related to M and the transverse magnetiza- 
tion by: 
(26) 
where VU 


of transverse magnetization (VM, 


is the circularly polarized component 
1M). Since: 


V 
h 


(27) 


(X'')2h2 2yhnoM + y*h?n- (28) 


ie for M by equation (24) and for m9 


and nj, by equations (21) and (22) we obtain: 


(29) 


n the small signal region where we may neglect 
the terms containing h? we find that the suscepti- 


bility 1s given by: 


so that: 
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Equation (29) may then be solved for X”’ to obtain :* 


Aok 


Aok +Ake 
(32) 
Equation (31) may now be used to assist in evaluat- 
ing the transition data. 


However before we can apply equation (32) to 
examine the 


parameters from the 


saturation measurements we must 
consequences entailed by restricting this analysis to 
SuUHL'9) has shown that 


saturation in 


linear transitions. non- 


linear effects cause a 


ferrimagnetics and if the threshold field for this 


premature 


process is not greater than the r.f. magnetic field 
required for linear saturation, equation (32) cannot 
be used. SUHL has shown that the threshold r.f. 


magnetic field for nonlinear effects is given by: 


| 


where AH; is the linewidth of the spinwave whose 


AH; 
4a Vo 


AH | 


population begins to increase greatly at threshold 
causing the susceptibility to decline. The r.f. field 
at which the susceptibility is reduced to one half 


the small signal value is given by: 


> 


l h; 
4 at 


my Aok 
? » 

7 Ao} T Ak, 

h 
l'o use equation (32) we must have h,/h; 


This ratio is seen to be: 


h- A 1, 


h? l67Mp \ a Aok 


This ratio will be than one if 


AH; l67Mp. Experiments'8-18.14 


that this is not the case for most ferrites, although 


greater 


have shown 


it can occur."14) Even if this condition does not 

* Ina previous calculation(!!;1) an attempt was made, 
which used the smal! signal approximation, to derive a 
relation that would indicate the onset of linear satura- 
tion. The relation obtained is not a special case of equa- 
tion (32) because the small signal assumption is not valid 


in this region. 
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hold we may still have: 
Aok 


ok + Ake 


AM; > 87%#Mo (36) 


k 


if the number of independent modes is large 
enough. Since the largest value the ratio 
Aox/Aok +A, may have is one, we must have: 


KAH;, > 87Mo (37) 


where we assume Agpx > Ax,. As previously men- 
tioned the number of independent modes (K) must 
be investigated for each material. The value we 
should use for K is not presently known for any 
material but it does not seem probable that 
equation (36) will prevail for most ferrimagnetics. 
Therefore, except for special cases, equation (32) 
cannot be used since the observable saturation 
will be due to nonlinear effects. 

Although we may not in general use the satura- 
tion phenomena in ferrimagnetics to assist in 
evaluating the transition parameters by means of 
equation (32), we may still use the saturation 
phenomena by applying the results of SUHL’s 
nonlinear theory and using equation (33) for the 
determination of AH;. Since AH;, is defined by 
SuHL as a linewidth expressing the net loss 
mechanism of the spinwaves, we may write: 


yAH;, a Ap (38) 


The A;,, determined in this manner is that of the 
spinwave that is responsible for the onset of the 
saturation effect as described by SuHL™). A similar 
interpretation is applicable to the low d.c. mag- 
netic field instability described by SunHL?) and 
the parallel field instability described by 
SCHLOMANN"!4), 


MEASUREMENT OF THE TRANSITION PARA- 
METERS BY A MODULATION TECHNIQUE 


FLETCHER et al.‘8) have recently described 

modulation method for the determination of the 
transition parameters in ferrimagnetics. Their 
method consists of modulating the microwave 
signal at a frequency @ and measuring com- 
ponents at 2m, generated in the sample, pro- 
portional to M, and M? (see Ref. 8 for complete 
details). They have derived the relation given 
below for the square of the ratio of these com- 
ponents (R?). In deriving this relation it was 
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necessary to assume that for the spinwaves ex- 
cited Ax, is independent of &, i.e. it has the same 
value for all spinwave modes excited. 


Tr: 9 


Yow =} 1 


T2 is given by: 
T= 
and can be evaluated from equation (6) as: 


TT; = = (41) 
Nog+ D Aok 
k 
From equation (31) it is seen that the expression 
for 72 including reaction terms is: 


5 


“ (42) 
Aok Ak Co 


Nog + 7 . 
T A0K + Ako 


As we should expect this expression reduces to 
equation (41) if Az, > Aox for each spinwave mode. 

Returning to the calculation for R?, we may 
eliminate 72 from equation (39) by using equation 
(41) and we find: 


ap aa 


P o 


1+ | : 


We have derived an expression for R? in the 
manner of FLETCHER et al. except that we have 
used equations (18) and (19) containing the 
reaction terms. We find that: 


2 WwW 


1+ - 
| Neo + (K + 1)Aox 


9 
2w ¥ 


1+ ; 
| Nor +Ako 
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In deriving this expression it is found that it is 
necessary to make the same assumption about 
Aox that has already been made about A,,. That is 
in the calculation of R? including reaction terms 
that for the excited 


spinwave modes Apox is independent of &. 


it is necessary to assume 


Since it was necessary to assume Apo; and A;, 


are independent of & in the analysis of the modula- 


tion method as repeated here including the reaction 
terms, the modulation method is therefore not as 
general as one might have hoped. If one avoids 
this assumption the calculation’s complexity 
greatly increases, however since the present in- 
and K 


is rather scarce, this assumption is perhaps good 
first 


formation on the transition parameters 


for a attempt at the evaluation of these 


parameters. 


LONGITUDINAL RELAXATION TIME 
In connection with their work on the modulation 
technique FLETCHER ef al. have derived an ex- 
pression for an effective longitudinal relaxation 
time by considering the steady state energy and 
comparing it with the steady state energy pre- 


dicted by equations (3) and (4). They obtain: 


(45) 


calculation using equations (21) 


Repe ating the 


and (22) we find: 


T; 


and ther rore, 


Chis is the case previously discussed by FLETCHER 
al, The limit 72 = 27;/K+1 applies when 


and therefore mp = mrp. 
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We 
measurements to see how these are effected by 
the of the 
SPENCER and LECRAW 
measurements of 7J', 


will now consider some experimental 


inclusion spinwave reaction terms. 
15) have recently published 
obtained from modulation 
measurements, using equations (39) and (45). 
The values for well polished single crystal yttrium 


iron garnet at 2°5°K are given as: 


T 1-3 x 10-6 sec T2 0-81 x 10-6 sec 
where 7». is obtained from a linewidth measure- 
ment by equation (40). Inserting these values in 
equations (45) we obtain: 


S Aok 


a j 
j ko 


Equations (44) and (46) should properly be used 
instead of equations (39) and (45). Using the above 


value of 


in equation (43) to find the experimentally meas- 
ured value of R2 and then using this value together 
with equations (44) and (46) we find: 


2:2K 
64+K 


0:53 > 10-6 sec (50) 


10 6 Sec < T; 

The smaller value applies if A 1 and the larger 
if K is very large. The value for large K is just that 
obtained by SPENCER and LECRAw because to be 
able to neglect reaction terms it is only necessary 
to have n;, no for each independent spinwave 
mode. The fact that 

S Aok \ 


Ake 
h 


and therefore 


No 


only means that K must be very large if Aox < Ax 
The assumption of large K might be acceptable 


for a well polished sample of yttrium iron garnet 
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if the scattering into spinwaves is not mostly due 
to the remaining surface imperfections. This is 
because we might expect that if the bulk of the 
scattering is due to volume scatterers of various 
sorts and sizes, which occur since the crystal is 
not perfect, we then would excite a great number 
of modes slightly and would therefore have small 
Aox and large K. If the surface imperfections are 
causing the scattering, as is the case with more poorly 
polished samples, the assumption of large K is 
probably not justified since the important spin- 
waves would be those whose wavelengths are of the 
same order as the size of the surface imperfections 
and these modes will be excited heavily. Also as 
soon as one mode is heavily excited the reaction 
terms must be included, at least for this mode, 
and the value of K is no longer important for 
establishing the validity of neglecting reaction 
terms. The value of K, however, is still important 
for understanding the basic processes in the 
system and as we have previously indicated, the 
investigation of the independent modes deserves 
considerable attention. 

It would seem that since the parameters Ao,,, Aox, 
and A,;,, (or the inverse parameters 7}9, 72, and 
Tix) are basically more fundamental than 7} it is 
more reasonable to discuss them directly than to cal- 
culate a 7; from them. Also there is a difficulty in 
defining a unique 7} in analogy with paramagnetic 
resonance. FARRAR‘!6) has measured the relaxation 
time for a sample of polished yttrium iron garnet 
by directly observing the decay of AM, after rapidly 
turning off the power. However 
FARRAR’s relaxation time, which we call 7°, is not 


microwave 


necessarily equal to the 7) determined by the 
find 
T,; we must solve the equation of motion for 
(Mo—™M,). Consider equations (6) and (7) for 
the case of no microwave magnetic field. The 


steady state energy balance approach. ‘To 


transverse equation may be solved to yield: 

M C exp[tyHo—(1/T2)|t (51) 

The equation for (Mo—™M,) may be rewritten as: 
d(Mo—M.) 


at 


Substituting equation (51) for MM, we have: 


d(Mo—M.) Mo-M, 
—+ 


dt Tix 


C2 wie 3 
exp} —(2t/ 19) 
2M Pl \ i Ti0 


(53) 


The solution to this equation is not a single ex- 
ponential but is in fact a sum of two exponentials. 
The solution is of the form: 


(Mo— Mz) = Ci exp[—(t/Tux)]+ 


+ Co exp[— (2t T2)| (54) 


Therefore 7; is not a unique relaxation time. One 
might hope to evaluate 7); from 7); if 7) T>/2, 
which is actually the case experimentally. However 
the equation of motion that we have used here does 
not include the effect of reaction terms. One must 
first find equations of motion that take the reaction 
terms into account and then solve them for 
(Mo—M.). The above calculation is only to point 
out that one must be careful in using a quantity 
of the type of 7; and not assume too much of an 
analogy with paramagnetic resonance and the 
results of the Bloch-Bloembergen equations. 


EQUATIONS OF MOTION 

If we again assume, as we have done in the 
analysis of the modulation technique, that Ap, 
and A,,, are independent of k, we may very simply 
derive equations, similar to equations (6) and (7), 
including the effect of the reaction terms. This is 
done by taking equations (18) and (19) and elimin- 
ating mp and nm, by equations (24) and (25). We 


then have: 


(Ao “T Ko; )( V M )-+ 


+ Aor(Myp— M)+4 xh? 


M,)- 


d(My—™M) 


at 


KAox(M 


(Aon +Ax-)(Mo—™) 


Since we have established that the linear process 
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approximation is only valid for the small-signal 
region we will incorporate the small signal ap- 
proximation here and let: 


M+ M* 


z U 


M = y(Mz+My+M;) = Me+— 
m1NL() 


so that equation (55) becomes: 
l d(M?+ M?) 
T uy 
2Mp dt 


M"+M- Y 
+ Aox(Mo— Mz)+ -y"h 
2My 2 


; [((K + 1 )Agx +Ag, | * 


and the sum of equations (55) and (56) is: 
d(My— M-) 


at 


(59) 


Ans(Mo— Mz)+4 =" 


Making equations (58) and (59) consistent with 
the following equation of motion for no loss: 


M = —yMxH (60) 


we obtain the equations of motion as: 


Mz y = —y(MxH)z y- 


Mz.» 


[((K T ] )Aox T Noe] x 


(Mo Mz) 


MoAox (61) 


(Mo— Mz) = y(M x »—Akg)— 


(62) 
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By comparison with equations (6) and (7) we see 
that the equation of motion for the z-component 
of the magnetization is unchanged by the inclusion 
of the reaction terms. The transverse equation, 
however, has gained an additional term which is 
inversely proportional to the transverse magnetiza- 
tion. 

Equation (5) can also be used as an equation of 
motion if desired. All that is necessary to put it 
in the proper form is to derive « and A in terms of 
the three transition parameters as CALLEN") has 
done but use equations (18) and (19) in place of 
the analogous equations without the reaction 
terms. 
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Nuclear quadrupole spin-lattice relaxation in solids has been investigated using pulsed 


Abstract 
3y selective excitation of the quadrupolar spin system, several new 


nuclear induction techniques. 
modes of relaxation are observed. Measurements of these modes are used to determine the individual 
transition probabilities W; and W2 associated with Am +1 and +2 quadrupole spin-lattice 
relaxation. W1, We, and the spin-lattice relaxation time 7 of the Cl®*° pure quadrupole resonance in 
p-CeHaCle, KC1O3, and NaClO3 have been measured in the temperature range 77—300°K. The 
BAYER theory of quadrupole spin-lattice relaxation is applied to p—C6H4Cle to calculate Wi and W2. 
From the Bayer theory and the separate measurement of W1 and W2, information is obtained about 
the lifetime of excited torsional states and the mode of torsional oscillation which provides the 


dominant relaxation contribution in p—CeHaCle 


NaClO3 and KC1O3 are compared with CHANG’s 


Measurements of the spin-lattice relaxation in 


theory of quadrupole relaxation. The experi- 


mental results suggest that the model used by CHANG to describe the fluctuating internal electric 


field gradient in NaClOs3 responsible for the Cl®° 


1. INTRODUCTION 
A NuMBER of detailed theories of nuclear quadrupole 
spin-lattice relaxation have been developed.“'~4 
These theories differ principally in the model used 
to define the source of the electric field gradient at 
the nucleus and the manner in which the quadru- 
pole interaction is thermally modulated. For each 
model, an explicit calculation is made of the 
transition probabilities generated by the time- 


dependent quadrupole Hamiltonian. Since the 
off- 


quadrupole Hamiltonian operator”) has 


diagonal matrix elements leading to relaxation 
transitions in which the nucleus changes its mag- 


and one 


netic quantum number m by +1 wm 
must compute two transition probabilities to 
describe the 


process. These two probabilities will not be equal, 


observed spin-lattice relaxation 


in general, since not only do they involve different 
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setts. 
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relaxation is inadequate. 


spin operators, but, more important, they involve 
different components of the fluctuating crystalline 
electric field gradient tensor. 

The experimental verification of spin-lattice 
relaxation theories rests upon the measurement of 
the rate or characteristic time of the relaxation and 
its temperature dependence, and upon relating the 
results to calculated transition probabilities. For 
the case of quadrupole relaxation in a quadrupolar 
spin system, two complications are present. First, 
unlike the equally spaced nuclear Zeeman energy 
levels produced by a magnetic field, the separations 
between adjacent energy levels arising from nuclear 
quadrupole coupling in solids are all unequal. 
Second, whereas in magnetic dipole relaxation only 
Am 
are two possible transitions active in quadrupole 
relaxation, Am l and Am +2, 
tion probabilities W; and W2 respectively. Due to 


| relaxation transitions are present, there 
with transi- 


the more complicated energy level scheme and the 
presence of two different relaxation transitions, it is 
not generally possible to assign a unique character- 
istic relaxation time to a quadrupolar spin system. 
Observable resonances between successive levels 


will, in general, have different modes and rates of 
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relaxation."?) A careful analysis is usually required 
to see explicitly how the relaxation of a specific 
resonance line proceeds and how the two transi- 
tion probabilities W; and W2 enter. 

To obtain complete confirmation of the 
theoretical predictions of quadrupole relaxation 
theories, it is desirable to determine experimentally 
W, and 


probabilities are proportional to different com- 


W2 separately. Since these transition 


ponents of the fluctuating electric field gradient 
tensor, they provide a sensitive and critical test of 
the model chosen to describe the source of the 
crystalline electric field gradient. The primary 
purpose of the experiments discussed in this paper 
is to measure the individual probabilities W, and 


Fic. 1 
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of J = 3/2 the pure quadrupole resonance spec- 
trum consists of a single observable transition. A 
simple analysis shows that the quadrupole spin— 
lattice relaxation is characterized by a single re- 
laxation time which is inversely proportional to the 
sum of W; and Ws. To determine W, and We 
separately, a small Zeeman magnetic field is 
applied to the spin system to remove the Kramer’s 
+m degeneracy of the quadrupole energy levels 
thereby additional observable 


and introduce 


transitions. Since these transitions involve the 


resonance of different portions of the total quadru- 
polar spin system, by selectively exciting and ob- 
serving the relaxation of these component reson- 
additional information about the 


ance lines, 


Energy levels for spin J = 3/2 axially symmetric 


quadrupole interaction perturbed by a small magnetic field 


Ho applied to an angle @¢ with respect to the symmetry axis 


of the electric field gradient. Parameters are 


f—] 
= ), & 


We using pulsed nuclear induction techniques. 
The measurements obtained for several non-cubic 
solids containing quadrupolar spin systems are 


compared with the predictions of the quadrupole 


spin-lattice relaxation theories of Bayer”) and 
CHANG" 


and the validity of these theories is 
discussed. 

In this paper we will consider only the relaxation 
of nuclei with spin J 3/2. The study of the 
quadrupole relaxation of nuclei with J > 3/2 can 
be made using a straightforward extension of the 


techniques developed in this paper.* For the case 

If the nuclei of interest have spin J 2, the pure 
quadrupole resonance spectrum(®) will consist of two or 
more distinct resonance lines. Each line will exhibit a 
different mode of relaxation and will involve a different 
functional combination of Wi and We. ‘The measurement 
and analysis of the relaxation of two modes will provide 
determine the two transition 


two data sufficient to 


probabilities W, and Wo. 


f+ 


’ fe l +4 tan?4. 


2/ 


relaxation process is obtained. We now analyze the 
time dependence of the quadrupole spin-lattice 
relaxation for the case of a quadrupolar spin 
system with Zeeman field splitting. 


2. SPIN-LATTICE RELAXATION 
In zero magnetic field, the spin J = 3/2 quadru- 
pole spectrum consists of a single frequency 
transition between the two doubly degenerate 
+ 1/2 and +3/2. If a 


small external magnetic field Ho is applied to re- 


quadrupole energy levels 
move the +m degeneracy, the spectrum is split 
into four component lines shown as transitions 
a, « , B, B’ in Fig. 1. The electric field gradient at 
the nucleus is assumed to have axial symmetry. If 
the lines are separated by a field Hp > AH, where 
AH 1s the equivalent resonance line width in Oe 
the individual resonance lines will not overlap 
appreciably and any cross relaxation via spin-spin 
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interactions will be negligible.‘ Since the coupling 
between the nuclear spin system and the lattice in a 
solid via electric quadrupole interactions is, in 
general, several orders of magnitude greater than 
via magnetic dipole interactions, ) the former will 
be considered to be the sole spin-lattice relaxation 
mechanism present. 

The rate equations for the spin state populations 
Ni, where i = 3/2, —3/2, +, —, designates the 
eigenstates in Fig. 1, subject to Am = +1 and +2 
quadrupole spin-lattice relaxation transitions with 
probabilities W, and W2, respectively are 


dN+3/2 


= —(W_+W,)N3/2 
dt ( , ‘- 


+ (b2W, + 0a2W2)N., + (a2W, + BW); 
dN, 


= —(W,+ W2)N, 
at 


+ (BW, +a?W,)Ne3 9 
+(@W,+PW,)Nzs 2. (1) 


The quantities a and 6 are functions of the angle 
6) between the magnetic field direction and the 
symmetry axis of the electric field gradient and are 
defined in Fig. 1. The unprimed and primed 
transition probabilities indicate upward and down- 
ward transitions, respectively, and are weighted 
by the appropriate Boltzmann factor for the system. 
Since the magnetic field splitting is assumed to be 
very much smaller than the quadrupole energy 
level separation, i.e. yhHo < eqQ, the Boltzmann 
factors for each relaxation transition are taken to be 
equal. 

The general solutions of (1) are expressed in 
terms of the net macroscopic nuclear magnetization 
associated with the four observable transitions 
a, a’, BB’, i.e. 


M,,4 «(N p.p> & (Nz—N43/2). 
These are given by 


= b?Mo+C\ exp[—2(W+ W2)t] 
+t Cy exp[— 2(b27W +a2W2)t}, 


- a2My+ C3 exp[—2(W1 + W2)t] 
i Cy exp[—2(a?W + b?Wo) ) 
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where 
2C \ 

2C2 M 

2C3 = M 

VU 


24 = 1 


0 


= M,(0)+ M,(0)—2b?Mo, 
( ( 
( 


(0)—M,, 
(9) +My 
(0) 


) 
x/(9), 
()) = 2a2Mo, 


} 


0)—M,;,(0). 


p 


M(0) is the initial value of magnetization at time 
t = 0. Mp is equal to one-half the thermal equili- 
brium magnetization of the total unperturbed 
quadrupolar spin system. 

From (2) we see that both the «,«’ lines and 
8,8’ lines, which are symmetrically displaced from 
the pure quadrupole resonance frequency, form a 
pair of relaxation modes with a time dependence 
made up of a linear combination of two exponential 
terms. This particular transient recovery arises 
from cross communication between the Zeeman 
lines introduced by relaxation transitions which 
transfer spins from eigenstates associated with one 
line to new eigenstates associated with a different 
line. Note that a2 and 52, which are a measure of 
the admixture of the ¢),2 and ¢_}.2 states in the 
new magnetic states ¢, and ¢_, enter as multipliers 
of W, and W2 in the second exponential term in 
(2). Since these quantities are a function of the 
angle 69 of the applied magnetic field, the relative 
contributions of W; and W2 to the relaxation of the 
given line can be varied. 

In the limit of zero applied magnetic field, the 
intensity of the f,6’ 
x,%' lines coalesce into a single observable transi- 


lines goes to zero and the 


tion. The relaxation of this resonance is described 
by the sum of M,(t) and M,(t) in (2) and is given 


by 
M..(0)+ M_(0)—2Mpo | 
? 


exp[—2(Wi+ We)t]. (4) 


M(t) 2Mp + | 


Since the approach to equilibrium of a spin 3/2 
quadrupolar spin system has a simple exponential 
time dependence given by (4), it is possible to 
define a spin-lattice relaxation time 

T; = [2(W+ W2)}"}. (5) 
T; is measured by observing the relaxation of the 


zero field resonance. 


3. EXPERIMENTAL TECHNIQUES 


The longitudinal relaxation of the z-component 
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of nuclear magnetization has been observed and 
measured using pulsed nuclear magnetic induction 
techniques.) In this method a short intense pulse 
of resonant r.f. is applied to excite the spin system 
and to establish the initial conditions at ¢ = 0 in 
(3). At some later time a second “‘inspection”’ r.f. 
pulse is applied to examine the relaxation of the 
system toward equilibrium. Since the amplitude of 
the resulting free nuclear precession signal is 
proportional to the associated z component of 
nuclear magnetization present when the r.f. pulse is 
applied, the height of the signal following the 
second pulse, relative to that of the first, is a direct 
measure of the longitudinal relaxation during the 
interval between pulses. By making a series of 
measurements at various pulse separations, the 
transient recovery of the spin system during re- 
laxation is determined. Equation (2) describes the 
observable time-dependent behavior and value of 
magnetization at time f. 

The determination of the individual probabilities 
W, and W2 for quadrupolar spin-lattice relaxation 
is carried out by applying a small magnetic field to 
the sample. One of the Zeeman component lines of 
the resulting quadrupole spectrum is selectively 


excited and its relaxation observed. The measure- 


ment of the transient recovery (2) of any one of the 


) 


Z2,Pp, 


3’ groups of spin states combined with the 
of 7; from the zero magnetic field 


sufficient to 


measurement 
resonance is evaluate the two ex- 
ponential terms in (2) and thereby Wj, and W. 

It should be noted that the measurement of a 
finite W> establishes that quadrupole spin-lattice 
relaxation is present, since if the relaxation was due 
to magnetic dipole interactions only Am + J 


W, will 


include contributions from both magnetic dipole 


transitions would occur. The observed 
and electric quadrupole interactions, however, as 
mentioned earlier, the latter 1s usually the domin- 
ant relaxation mechanism by several orders of 
magnitude. ‘This determination of the quadru- 
polar nature of the relaxation mechanism by using 
pulse techniques and observing the dynamic re- 
covery of a selected portion of the nuclear spin 
system is the transient analog of earlier experiments 
performed by Pounp”? using continuous wave, 
steady-state saturation techniques. PouNpD, how- 
ever, studied systems of magnetic energy levels 
perturbed by the presence of small quadrupole 


interactions, whereas in the present experiments we 
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study systems of quadrupole energy levels per- 
turbed by small Zeeman magnetic fields. 

It is desirable that certain conditions be satisfied 
when frequency separation techniques of selective 
excitation are used in pulsed nuclear induction 
experiments. First, the frequency separation of 
adjacent resonance lines and the r.f. pulse time 
should be such that the Fourier frequency spec- 
trum of the r.f. pulse used to excite one line will not 
have frequency components of sufficient intensity 
to produce an observable excitation of adjacent 
lines. Second, a given resonance line must not 
overlap another if a clean selective excitation of a 
single line is to be obtained using linearly polar- 
ized r.f.* For an applied magnetic field Ho, the 
frequency separations) of component lines of the 
quadrupole spectrum are of the order of yHo. Thus 
if 


vHo > 27/tw, (6) 


where 7, is the r.f. pulse time width, the first con- 
dition is satisfied. A fundamental requirement of 


pulsed nuclear induction experiments is"!9) 


1 /ty > yAH, (7) 


where AH is the equivalent resonance line width. 
The fulfillment of (6) and (7) insures that Hp > AH 
and, therefore, the second condition above is auto- 
matically satisfied. 

The pulsed r.f. oscillator and the receiver used to 
observe the free magnetic precession signals in 
these quadrupole resonance experiments were 
similar to apparatus described elsewhere. ©:!*) The 
r.f. equipment was operated in the frequency region 
around 30 Mc/sec. Measurements of the spin 
lattice relaxation were recorded using a gated 
“boxcar” integrator. 13) A Helmholtz coil was used 
to provide the small, homogeneous magnetic field 
for experiments involving Zeeman field splitting. 
OF EXPERIMENTAL RESULTS 
Bayer theory 


4. DISCUSSION 
(a) Paradichlorobenzene 

The spin-lattice relaxation of the chlorine 
nucleus in paradichlorobenzene has been examined 
to verify the Bayer theory"! of the quadrupole spin 
lattice relaxation, and to illustrate the usefulness of 
the additional information obtained by measuring 

* Selective excitation of overlapping quadrupole 
resonance lines can be achieved by the use of circularly 
polarized r.f. See Refs. (8) and (11). 
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W, and W2 separately. p-CgH4Cle was chosen for 
this study since the quadrupole resonance spec- 
trum has been thoroughly investigated,“4) the 
crystal structure is known,"!5) and the modes and 
frequencies of molecular motions have been well 
established.“6) The two chlorine atoms in the 
p-CeHa4Cle molecule are bonded to the benzene 
ring at opposite corners. The field gradient at the 
position of the Cl nucleus is produced primarily 
by the C—Cl covalent bond and is the same at 
each site. 

The spin-lattice relaxation time 7) of Cl®* in a 
single crystal of p-CgH4Cle was measured at room 
temperature at 34:26 Mc/sec and a value of 22 
milliseconds observed, in agreement with previous 
data.“7) W; and W2 were determined separately by 
applying a magnetic field making equal angles 
6) = tan-!4/(2) with respect to the two inequival- 
ent CI-Cl directions in the p-CgH4Cle unit cell, 
and observing the relaxation of one of the £,f’ 
Zeeman component Using the  time- 
dependent recovery predicted by equation (2), 
values of W, = 48sec! and We. = 17-9 sec"! 
were measured with an estimated error of +3 
1 


lines. 


sec 

BAYER’s relaxation theory is based upon the 
effect of molecular torsional motions in crystals. 
These torsional motions are continuously inter- 
rupted by interaction with other vibrational and 
rotational degrees of freedom of the molecule and 
lead to random fluctuations of the electric field 
gradient seen by the nuclei. If the associated 
Fourier spectrum of electric field fluctuations has 
frequency components in the order of the quadru- 
pole resonance frequency, electric quadrupole 
relaxation transitions will be induced. These 
random fluctuations are treated using a stochastic 
theory similar to that used by BLOEMBERGEN ef 
al.18) in the treatment of nuclear spin relaxation. 
The “correlation” functions for the torsional 
motions are characterized by 7a, the lifetime of a 
molecule in an excited torsional state. 

The theory is developed for a spin 3/2 quadru- 
pole system having an axially symmetric field 
gradient. Treatment is made of a simplified case in 
which the molecule containing the nucleus of 
interest is assumed to undergo torsional oscillations 
about an axis perpendicular to the z principal axis 
of the electric field gradient. This corresponds to 
the 27cm-! and 54cm! molecular torsional 
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oscillations in p—CgH4Cle which have been deter- 
mined by Raman spectra studies.“!6) Bayer’s 
theoretical probabilities for Am = +1 and Zz 
relaxation transitions are given by 


W 


3 2 4 coshx—3 
W, = -—————_- x — — 
8 (Aa)? (ex —1)? 
wz is the torsional frequency, A is the correspond- 
ing moment of inertia of the molecule, wg is the 
quadrupole resonance frequency, and x is defined 
as hw,/kT, where T is the absolute temperature. 
To compare the BAYER theory directly with ex- 
periment, the value of the lifetime rq of a molecule 
in an excited torsional state is required. Since no 
independent measurements of vq are available, 
BAYER’s theoretical values of W and W2 in (8) were 
related by (5) to the experimentally measured 7; 
and possible values of tq found from the resulting 
quadratic equation using known values of o,, A, 
and wag. The results are given in Table 1 for both 
the 27 cm! and 54 cm~! torsional motions, to- 
gether with the corresponding ratio of W2 to W. 


Table 1. Excited torsional state lifetimes tq based on 
the Bayer theory using the measured value of 
T, = 22 milliseconds at 300°K 


Torsional Ta(sec) Woe/W, 


frequency 


1 2-1 x10 
6:7 x10 


27 cm 


1 1-1 x10-! 
1-4 x10 


54 cm 


Knowledge of 7; and BAyer’s theoretical pre- 
dictions yields the four possible alternatives for vq 
given in Table 1, but does not establish which 
value, if any, is correct. This can be done, however, 
by utilizing the additional datum provided by the 
separate determination of W, and W 2. Within 
experimental error, the ratio W2/W was found to 
range from ~ 2-12. The only value of 7q in Table 
1, which gives a ratio W2/W, consistent with ex- 
ta = 6:7 x 10-1" sec 


perimental observation is 
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obtained from the 27 cm! oscillation. This is a 
reasonable value for zg and satisfies the require- 
ment or, > 1. 

As a further test of the theory, the temperature 


dependence of the relaxation was measured in the 


region 77-300°K. The results are plotted in Fig. 2 


together with the theoretical curve predicted by the 
the known temperature 


BAYER theory using 


dependence of the quadrupole resonance and tor- 


sional vibration frequencies. Agreement between 


Ce6HaCle. The 


BAYER theory 


Cl*° in p 
s the theoretical plot using the 


6°7 X10 sec for the 27 cm torsional 
oscillation 


temperature for 


theory and experiment becomes progressively 
poorer at lower temperatures. This is probably due 
to BAYER’s simplifying assumptions concerning the 
character and lifetime of torsional states and the 
treatment of only one mode of torsional vibration. 
By extending the Bayer theory to include relaxa- 
tion effects due to a general molecular and lattice 
vibration”) and the influence of possible C—Cl 
bond stretching, the discrepancy might be 
remedied. 

In addition to measuring the temperature 
dep« ndence of 7), the ratio W/W) was also deter- 
1 with an 


SAYER theory 


mined at 77 K. The result was Wo/W 
1/2. The 


predicts a more rapid decrease of W> than WW as 


estimated error of +1, 


the temperature is lowered so that in the region 
T = 77K, Wo/W, ~ 1. This agreement with ex- 


periment is fortuitous, however, due to the 
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discrepancy between the calculated and observed 
T; at this temperature. 

We conclude that the BAYER theory can account 
for the observed relaxation of the chlorine nuclei in 
paradichlorobenzene, with that the 
27 cm~! torsional motion provides the operative 
relaxation mechanism. Although an independent 
value of the excited torsional state lifetime is not 
available, the separate evaluation of Wi and W2 has 
provided additional information which more com- 
pletely justifies the choice of za. In previous work 
it has been assumed from the BAYER theory that 
Am 
the relaxation. Our results establish that Wo is 
only about three than W, in 
p-CegH4Cle at room temperature. However, W, and 
Ws are of the same order of magnitude at 77°K. 


evidence 


+2 transitions are the dominant source of 


times larger 


(b) Potassium chlorate 

The spin-lattice relaxation of the Cl®° quadru- 
pole resonance in a single crystal of KCIO3 has 
been investigated. KCIOs has a monoclinic struc- 
ture with two molecules per unit cell.) The 
molecules alternate in their orientation to one 
another; however, they are chemically and physic- 
ally equivalent in regard to their quadrupole re- 
sonance and Zeeman splitting properties. The 
electric field gradient at the chlorine site is due 
principally to ionic and covalent bonding within 
the chlorate group and is very nearly axially 
symmetric. ‘The Cl 
frequency is 28-1 Mc/sec at room temperature. 

The individual quadrupole spin-lattice relaxa- 
tion probabilities W) and W 2 have been measured 


quadrupole resonance 


by applying a magnetic field of 75 gauss at 09 = 0 
and observing the relaxation recovery of one of the 
z resonance lines. The experimental data is plotted 
in Fig. 3. The prediction in (2) of a relaxation time 
dependence formed of a linear combination of two 
exponential terms is well established. Using the 
measured spin-lattice relaxation time at room 
temperature of 7; 21 milliseconds and (2), we 
find W; 18-5 sec} and We 


estimated error of +2 sec 


5-4 sec"!, with an 
|. Measurements at 
temperatures of 300, 273, 195, and 77°K indicate 
that the ratio W/W. is approximately constant 
within experimental error over this temperature 
range. The 7) 300°K, 
273°K, 26 msec; 195°K, 50 msec; 77K, 455 msec. 


values were: 21 msec; 


Discussion of these results and comparison with 
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theory is postponed to Section 4(c) where spin 
lattice relaxation in a similar chlorate group in 
NaClOz is considered. 

Another experiment was performed to verify 
further the «—«’ coupled relaxation predicted by 
(2). Two independent pulsed r.f. oscillators were 
tuned to the frequencies of the « and «’ resonances 
and their outputs coupled into a two-coil r.f. output 


e EXPERIMENT 


=—= THEORY 











0 - 
O 10 20 3C 40 50 60 


seconds 


Fic. 3. Spin-lattice relaxation of « resonance line of 
Cl®° in KCIO3. The solid curve is given by exp(—t/71) + 
exp(—2Wt), where 7; = 21 msec and 2 W; = 37 sec™! 


head'8) which consisted of a solenoidal r.f. coil 
located inside an orthogonal Helmholtz r.f. coil. The 
solenoidal coil held the sample and served as a 
receiver the observation of the 
magnetic-induction signals. The « spin system was 
initially excited by an r.f. pulse from the appro- 
priate oscillator. At a later time anr.f. pulse from the 
other oscillator was applied to observe the time- 
dependent behavior of the «’ spin system. ‘The 
data is plotted in Fig. 4 together with the theo- 
retical M,(t) curve predicted by (2) using known 
values of W, and We. Due to cross-coupling 
introduced by 


coil for free 


between the «—2 
Am = +2 relaxation transitions, there is a transi- 
ent increase in the polarization of the «’ system. 
This behavior of M,(t) is characteristic of the 
effect discussed by 


systems 


transient Overhauser 


SOLOMON 21), 
18 


Free induction signals of the « and «’ resonances 
exhibit an increased decay lifetime relative to that 
of the zero field resonance. This is due to the 
presence of the magnetic field which divides 
possible spin transitions into two groups of differ- 
ent frequencies thereby reducing the mutual spin— 
spin flipping contribution to the resonance line 
width. The expected increase in decay lifetime can 
be estimated by calculating the second moment of 
the line shape in the presence of large Zeeman 
splitting with appropriate truncation of the dipolar 


mae  * faa ¢ nd 


Fic. 4. Spin-lattice relaxation of «’ resonance line of 


Cl in KCI1O3 following initial excitation of the « 
resonance line. The solid curve is given by exp( —t/7T)) — 
exp(—2W1it), where 7; = 21 msec and 2W, = 37 sec™}. 


Hamiltonian. The broadening of quadrupole 
spectra due to magnetic dipole-dipole interactions 
has been treated by ABRAGAM and Kame”), Their 
results are applied to KCIO3 by considering (1) 
chlorine nuclei as resonant spins interacting 
among themselves and (2) chlorine nuclei inter- 
acting with unlike, nonresonant potassium nuclei. 
A mean square frequency deviation of Aw* 

4-9 x 10° sec~? is found. When a large magnetic 


field is applied, only one of the «, «’ spin groups 


may be treated as resonant nuclei. The calculation 
with (1) 


resonant chlorine nuclei, (2) nonresonant chlorine 


is modified to include interactions 
nuclei, and (3) potassium nuclei. A concentration 
factor 23) is introduced into the calculation to define 
the probability that a lattice site is occupied by a 
resonant or The 
predict an « line width reduced by approximately 
5 per cent. This is in agreement with the observed 


nonresonant chlorine. results 


increase in decay lifetime. 
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(c) Sodium chlorate—Chang theor) 
CHANG™) has developed a general theory of 
quadrupole spin-lattice relaxation in solids based 
on the interaction of the quadrupole moment of the 
nucleus with the fluctuating crystalline electric 
lattice vibra- 
The 


theory is applied to sodium chlorate to calculate 


field gradient produced by thermal 


tions of neighboring electronic charges. 


the rate and temperature dependence of the 
chlorine spin-lattice relaxation. The field gradient 
at the chlorine site in NaClOz is assumed to be 
axially symmetric and generated by a single 
equivalent charge replacing the three oxygens on 
the pyramidal ClO3~ ion and located on the sym- 
metry axis at an equilibrium distance R from the 


chlorine. This field gradient is described by 
(9) 


where is nuclear electric quadrupole 
moment. This expression is equivalent to the first 
two terms in a Taylor expansion of the quadrupole 


of the small 


coupling constant egQ in powers 
relative displacement of the chlorine and the single 
equivalent charge. The constants b and ¢ are to be 
determined by experiment and may be considered 
to include any shielding or covalency effects. 
Using this simplified model of the field gradient 
at the chlorine nucleus (9) and a density of states of 
lattice waves given by a Debye spectrum, CHANG 
has calculated the quadrupole relaxation transition 
probabilities for Raman processes involving the 
inelastic scattering of two lattice phonons. The 


re sults are 
K(cb)*1(T), 
K(eqQ)*12(T), 


- 
4 


K 


kT \3 
(MR?) 
h 


A 


VI is the density of the crystal and J; and /s are 


complicated integrals involving an integraticn over 


the Debye spectrum of lattice vibrations and are 
calculated numerically. CHANG has evaluated W, 
and W in (10) and has compared their sum in (5) 
with experimentally measured 7j’s. By proper 
choice of the parameters in the theory, agreement 
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within a factor of two between theory and experi- 
ment was found over the temperature range 373- 
77°K. These results are shown in Table 2. Recent 
measurements'24) have confirmed the correctness 
of the temperature dependence of 7) in the tem- 
perature interval 300-10°K. The measurement of 
T,, however, does not provide as critical a test of 
the correctness of the model used to describe the 
fields as does the 


fluctuating internal electric 


separate measurement of W, and W2. 


Table 2. Temperature dependence of the quadrupole 

coupling constant, the theoretical relaxation time 

T; based on Chang’s theory, and the experimental 
T; for Cl®° in sodium chlorate 


Observed 7} 


(sec) 


Calculated 7}; 


(sec) 


(eqgQ/2h) 
Mc/sec) 


30-624 0:96 +0-05 


2 


30°325 0°130+0°-005 
0:065 +0-010 
0-045 +0-002 
0:032 +0-002 
0-025 +0-003 
0-017 +0-002 


0-060 
0-046 


30-033 
29-930 
29-792 
0-028 
0-017 


29-683 


29-519 


W) and W2 were measured separately by applying 
a magnetic field to a single crystal of NaClOg in the 
crystalline (100) direction. For this direction the 
magnetic field makes equal angles 69 = tan~!4/(2) 
with the four body diagonals of the cubic NaClO3 
unit cell?) which form the z-principal axes for the 
chlorine field gradient of the four molecules. One 
of the 8B Zeeman lines of the resultant three- 
component quadrupole spectrum was selectively 
excited and its relaxation recovery compared with 
the time-dependence given in equation (2). The 
results of a series of measurements at room tem- 
perature and 29-93 Mc/sec were W = 8:5 sec™!, 
Ws = 2:7 sec! with an estimated error of +1 
sec-!, Measurements at 77°K gave values of W, = 
0-28 sec! and We = 0:24 sec! with an estimated 
error of +0°15 secu}. 

From CHANG’s theory and equation (10) the 
theoretical ratio of W to W2 is given by 


W, (ch)?1; 
W> (eqQ)*Io 


(11) 


~ 3(cb eqQ)?, 
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where Ig < 2/; as computed!) by Chang using 
known elastic constants for NaClOg. Since the tem- 
perature dependences of W, and W2 in (10) are 
approximately equal, the ratio (11) should be nearly 
constant as a function of temperature. This is 
observed, within experimental error, for both 
NaClOg3 and KC1O3. From CHANG’s computations, 
the value of (cb/eqQ)? was S 50 and thus W, = 25 
W2. The observed value of Wi/W2 ~ 3 at room 
temperature differs greatly from this value. 

A possible source of the discrepancy between 
the theoretical and experimental ratio W,/W2 may 
be the evaluation of the constants b and c in (9) 
since they enter in the expression for W but not 
for W2. These constants are estimated by combin- 
ing the known temperature dependence of the 
linear thermal expansion coefficient of the NaClOg 
crystal and the temperature dependence of egQ for 
chlorine in equation (9). To take into account the 
possible tighter bonding of the oxygen ions to the 
chlorine ion than the average for the crystal, 
CHANG has introduced a multiplicative factor f into 
the thermal expansion coefficient for NaClOs, 
where f < 1. The values of f used were of order 
0-2-0-3 and were chosen to obtain agreement with 
the experimental 7) at room temperature since 
there was not enough independent information 


available to estimate f accurately. These values of 


f, however, yield ratios W,/W2 ~ 25. If one takes 
f = 1, W, is reduced and W, ~ 9 W2 which is still 
beyond experimental error. In addition, experi- 
mental and theoretical 7;’s no longer agree unless 
the parameter R is greatly reduced from its value 
of 1-46x 10-8 cm, which is not very reasonable. 
Smaller values of f tend to increase W,/W2. 

The transition probabilities W, and W2 are 
derived from the off-diagonal Am = +1 and +2 
time-dependent 


operators of the quadrupole 


Hamiltonian given by 


H 1 = A(LJe+Iel,)(VezFiVyz) (12) 


ani Vy T 21V xy). 


and Vz = 
41(2I—1) OX, 


OXKZ OX] 


where V is the crystalline field potential at the 


nuclear position. We see from (12) that W, and 
W2 are proportional to different components of the 
electric field gradient tensor and therefore their 
relative magnitudes will be sensitive to the model 
chosen to describe the fluctuating field gradient. 
Therefore, the W,/W2 discrepancy probably 
originates in the one-dimensional, two-body re- 
laxation mechanism based on the motion of a 
single equivalent charge used by CHANG to describe 
the source of the fluctuating field gradient in 
NaClOs3. This model appears to be too great a 
simplification of the motion within the chlorate 
group. 

That the fluctuating electric field 
responsible for the chlorine relaxation arises prin- 


gradient 


cipally from charge motion within the chlorate 
group is suggested by several pieces of evidence. 

(1) Since the chlorine in the chlorate ion is 
bonded to the three oxygens by S—P hybridized 
trigonal-pyramid orbitals, the field gradient as 
seen by the chlorine is due principally to the 
associated charge distribution. 

(2) The quadrupole resonance frequencies and 
the spin-lattice relaxation times of chlorine in 
several chlorates (Na, K, Rb, Ba) are of the same 
order of magnitude although the lattice structures 
are dissimilar, thereby indicating that the in- 
fluence of the cations is small. 

(3) In both NaClO3 and KCI1Os3, which have 
chlorate groups of substantially the same size and 
shape, the relative magnitudes of W, and W2 are 


equal within experimental error, although the 


lattice arrangements of cations and chlorate ions 
are different. 

Possible relaxation contributions from the 
sodium ion in NaClOs can be estimated. CHANG 
has considered the relative motion of the Na ion 
and the Clion in an NaClOx3 molecule as an altern- 
ate source of the fluctuating field gradient. The 
computed relaxation times due to this effect, how- 
ever, are ~ 100 times too long. This particular 
sodium ion, however, is not the nearest neighbor 
of the chlorine nucleus. There are six nearest 
neighbor Nat of the chlorine situated in a distorted 
NaCl lattice structure. The relaxation produced by 
these charges can be estimated using the model and 
theory developed by VAN KRANENDONK"?), Again 
the results yield 7;’s several orders of magnitude 
too long, a difference much greater than can pres- 
ently be accounted for by an enhancement factor 
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due to anti-shielding®) or covalency.“) Any re- 
laxation contribution due to the sodium ions in 
NaClOs therefore must be small. 

To treat thoroughly the relaxation in NaClOg or 
the other chlorates an exact calculation of the 
field gradient tensor components from knowledge 
of electronic wave functions for the thermally 
distorted lattice would be desirable, however, very 
difficult with the information presently available. 
Alternatively, treatment could be made of the 
various vibrational modes of the chlorate group as 
known from Raman spectra studies. Starting from 
a generalized theory of the influence of lattice 


off-diagonal elements of the 


vibrations on the 
quadrupole interaction Hamiltonian, normal modes 


of vibrations are established, and CHANG’s or 
3AYER’s relaxation theory could then be extended 
to make an explicit calculation of the relaxation. 
Raman spectra data‘?>) has identified several low- 
frequency lines ~ 100 cm~ associated with trans- 
latory and rotatory motions of the ClO3~ ion in 
NaClO3. Two approximately normal modes of 
vibration") can be established which provide 
rotation of the principal axis of the chlorine field 
gradient tensor. These oscillations are just the 
type of motions treated by BAYER in his theory of 
quadrupole spin-lattice relaxation. By extending 
the BAYER theory to include these two modes of 
single 


and considering a 


10-13 sec, for both modes, a 


torsional oscillation 

characteristic tq ~ 6> 
calculated 7) ~ 46 milliseconds at room tempera- 
ture and a ratio W,/W2 ~ 3 is obtained. In the 
absence of independent measurements of 7a, the 
choice of tq was made to provide the best agree- 
ment with the experimental data. Although the 
agreement for both 7; and W4/W2 is good, only 
order-of-magnitude agreement is to be expected in 
view of the simplified treatment and assumptions 
made concerning the complete chlorate group 
motions. A similar treatment of the spin-lattice 
relaxation of Cl2° in KC1Og again gives order-of- 


magnitude agreement with experimental results. 


5. SUMMARY 
By studying the relaxation of selected portions 
of a multi-level quadrupolar spin system using 
pulsed nuclear induction techniques, additional 
information about the spin-lattice relaxation pro- 
cess is obtained. In particular it is possible to 
establish whether the dominant relaxation mechan- 


WEBER 


ism which brings the spin system into thermal 
equilibrium with the lattice is quadrupolar in 
origin and to measure the individual probabilities 
for Am = +1 and +2 quadrupole relaxation 
transitions. The experimental 
valuable information about the different compon- 
ents of the fluctuating crystalline electric fields in 


results provide 


solids and aid in verifying the correctness of various 
proposed theories of quadrupole spin-lattice 
relaxation. 

The techniques of selective excitation and 
investigation of nuclear spin relaxation, 8) may have 
additional usefulness in the study of spin-lattice 
interactions. At low temperatures nuclear spin-— 
lattice relaxation in solids via quadrupolar inter- 
actions becomes very slow. Nuclear relaxation 
through interaction with small amounts of para- 
magnetic impurities in the material is nearly 
temperature independent and thus at sufficiently 
low temperatures may become a competitive 
process. ‘The relaxation via para- 
magnetic impurities could be established by a 


presence of 


detailed comparison of the temperature depend- 
ence of W, and Woe, since W, would include the 
effects of both quadrupole and magnetic impurity 
relaxation whereas W2 is generated solely by 
quadrupole spin-lattice interactions. 
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Abstract—n-type samples of CdSnAse 


(melting point 


590°-600°C) have been prepared by 


freezing from the melt. The highest room temperature Hall mobility attained was 1:2 x 104 cm?/volt 


ec for a sample with a free electron concentration of 5-5 » 
estimated to be approximately 0:23 eV at room temperature. The absorption edge 
with increasing electron concentration. The electrical and optical data 


energy gap 1S 


shifts to shorter wave lengths 
indicate that 


order of a 


1 


tne few hundredths of the 


INTRODUCTION 
THE SYNTHESIS of ten intermetallic semiconductors 
of the composition AUBIVCV.—where Al is Cd 
yr Zn, B!Y is Si, Ge, or Sn, and CY is P or As 
been ZnSnAso, these 


compounds crystallize in the tetragonal chalcopyrite 


has 
reported."2) Except for 
structure, in which each atom is tetrahedrally 
bonded. They are isoelectronic with the III-V 
compounds, from which they are formally derived 
by the ordered substitution of one Group II and 
one Group IV atom for each pair of Group III 
atoms. An electron mobility of 3000 cm?/volt sec 
has been reported for CdSnAso," 
data on the electrical properties of the II-IV—V 


but no other 
compounds have been published. Energy gaps for 
six of the compounds (not including CdSnAsg) 
have been estimated from optical absorption 
measurements. ‘* 

The present investigation was undertaken be- 
cause of our interest in compound semiconductors 
with high Its notable 
result has been the preparation of CdSnAsg with 
104 cm2 
volt sec at an electron concentration of 5-5 x 1017 


cm~%, This mobility is by far the highest reported 


carrier mobilities. most 


a room temperature Hall mobility of 1-2 » 


for any ternary compound, and is exceeded at 
room temperature only by values measured for 
four binary compounds with the zinc blende 

* Now at TYCO, Inc., Waltham, Massachusetts. 
+ Operated with support from the U.S. Army, Navy, 


and Air Force. 


78 


101? cm-3, From infrared absorption data 


the conduction band of CdSnAsz is characterized by a low electron effective mass, of 


free electron mass. 


InSb, InAs, HgTe, and HgSe. Infrared 
transmission that the 
energy gap of CdSnAsg is probably about 0-23 eV 
at room temperature. The absorption edge shifts 
to shorter wavelengths with increasing electron 


structure 


measurements indicate 


concentration as observed in the case of n-type 
InSb®) and InAs.) 


SAMPLE PREPARATION 

Samples of the compound were synthesized by 
melting stoichiometric quantities of the elements 
in evacuated and sealed quartz tubes. Three differ- 
ent crystallization techniques were used: vertical 
Bridgman, quenching, and slow cooling. ‘The 
Bridgman apparatus consisted o 
furnaces, the lower at 750°C for melting the 
material and the upper at 600°C for maintaining 
the arsenic vapor pressure at approximately one 
atmosphere. Directional freezing was accomplished 
by lowering the sample tube out of the apparatus 
at 0-1in/hr. The ingot prepared in this manner 
consisted mostly of polycrystalline CdSnAsg as a 
single phase, but the last-to-freeze portion con- 
tained two phases, due to the loss of arsenic by 
condensation on the upper part of the sample 
tube. The single phase material was threaded with 


f two resistance 


many fine cracks, but it was possible to isolate 
a crack-free sample for electrical measurements. 
The grain size of this sample was only about 20 , 
as estimated from a Laue pattern. 

Quenched samples were prepared by immersing 
quartz tubes containing the molten compound in 
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liquid nitrogen. The ingots obtained were virtually 
free of cracks but were polycrystalline, with an 
estimated grain size of only 10 yu. 

A number of samples were prepared by slow 
cooling in the course of thermal analysis experi- 
ments performed to determine the freezing point 
of CdSnAsg. In these experiments, a chromel 
alumel thermocouple was inserted into a re-entrant 
in the bottom of a quartz sample tube. The sample 
tube was placed in a massive stainless steel cylinder, 
and the whole assembly was heated in a well- 
insulated vertical resistance furnace until the 
compound had been melted. The furnace power 
was then reduced sufficiently to establish a cooling 
rate of approximately 1 deg/min until freezing 
(non-directional) was completed, after which the 
furnace was turned off. Although the ingots 
prepared in this manner were very severely 
cracked, the grain size was much larger than for 
the Bridgman-grown and quenched ingots. In 
several cases, it was possible to obtain crack-free 
single crystals of the order of 1 cm in their longest 


dimension. 


THERMAL ANALYSIS 

Three cooling curves and two heating curves 
have been determined in thermal analysis experi- 
ments on CdSnAsg. The solid—liquid transforma- 
tion occurs between 590°C and 600°C; a more 
exact value for the transition temperature cannot 
be given, since both cooling and heating curves 
reveal complexities in the phase diagram which are 
not well understood. One of the cooling curves is 
shown in Fig. 1, while a heating curve is shown 
in Fig. 2. Fig. 1 shows only the voltage readings 
for the thermocouple inserted into the re-entrant 
in the sample tube, while Fig. 2 also gives the 
differences between these readings and those for a 
thermocouple inserted into the wall of the stainless 
steel cylinder. Both curves shown exhibit three 
thermal arrests, rather than the single temperature 
plateau characteristic of a solid—liquid transforma- 
tion in a simple phase diagram. The other curves 
obtained have the same general features but are 
somewhat different in detail. 

The presence of two plateaus in the cooling 
curves suggests the existence of a metastable 
solid phase whose liquidus temperature, at the 
composition corresponding to CdSnAsg, is lower 


than the liquidus temperature of the stable 


OF CdSnAsz 
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Fic. 1. Cooling curve for CdSnAso. 


compound. If thisis the case, sufficient supercooling 
of the stable phase permits crystallization of the 
metastable phase, and the initial plateau is ob- 
served. This phenomenon occurs in the Cd—Sb 


26 


SAMPLE THERMOCOUPLE 


—— — REFERENCE TC— SAMPLE 


(V) 


~SAMPLE 


REFERENCE TC 


20 30 40 
TIME (min) 


. 2. Heating curve for CdSnAso. 
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the CdsgSbe 


crystallizes from a slowly cooled melt of the com- 


system, where metastable phase 
position CdSb, even though its liquidus is approxi- 
mately 50°C below that of the stable compound 
CdSb.© 
rapidly into the stable phase, and the transformed 
the 


If the metastable phase then transforms 


solid comes into contact with remaining 


liquid, crystallization of the stable phase is nu- 
cleated. The temperature then rises rapidly to the 


stable liquidus, and a second plateau is observed. 


This type of nucleation frequently occurs in alloys 
of CdSb with ZnSb. The third arrest, beginning 
at 552°C in Fig. 1, could result from an allotropic 
transformation of the stable phase, whether this 
phase had been formed by direct crystallization 
from the melt or by transformation of metastable 
material. 

While the model proposed can explain the 
cooling curves obtained for CdSnAszo, it does not 
account for the observed heating curves. On the 
basis of this model, the heating curves should 
exhibit a thermal arrest at 540—560°C due to the 
allotropic transformation of the stable phase, fol- 
lowed by a plateau at the melting point of the high- 
temperature form. Instead, the measured curves 
exhibit three poorly defined arrests, all of which 
begin at significantly higher temperatures than 
560°C, and the last of which extends to a slightly 
higher temperature than the upper plateau in the 
cooling curve. It is clear, therefore, that a more 
extensive investigation of the Cd—Sn—As system 


Table 1. Properties 


300°K 
Method of 
prepara- 
tion 


— - 


Bridgman 
Quenched 
Slow- 
cooled 
Slow- 
cooled 
Slow- 
cool. d 
Slow- 
cooled 
Slow- 


j 


cooled 
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will be required to elucidate the phase diagram 
in the vicinity of CdSnAso. 


LATTICE PARAMETERS 

X-ray diffractometer measurements on two 
powdered samples of CdSnAse, one prepared by 
slow cooling and the other by quenching, gave 
the same results within the limits of experimental 
error. The following average values were obtained 
for the tetragonal lattice parameters: a = 6-093 + 
0-003, and c/a = 1-959 + 0-006. These data are 
in agreement with the published values of 6-092 
and 1-957, respectively." 


ELECTRICAL PROPERTIES 

The Hall coefficient (Ry) at 7800 G and resistivity 
(p) were measured by conventional d.c. potentio- 
metric techniques crack-free samples of 
CdSnAsg prepared by the three methods described 
above. All samples were n-type. Data for resistivity, 
carrier concentration (1/Rye), and Hall mobility 
(Ry/p) at room temperature and liquid nitrogen 


on 


temperature are given in Table 1, together with 
values for the thermoelectric power at room 
temperature. Fig. 3 shows the temperature de- 
pendence of p and Ry for sample A of Table 1 
between 85°K and 350°K. 

All the samples measured were extrinsic over 
the temperature range investigated. It can therefore 
be concluded that the intrinsic carrier concentra- 


~ 


tion in CdSnAsy at 300°K is less than 5 x 1017 cm-3 


of n-type CdSnAsoe 


p Ln 
(ohm-cm) (cm?V~1sec~ 


x 1018 6-1 x 108 


¥ 1018 ‘6 x 108 


x 1017 x 104 
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and that the lattice mobility of electrons at the 
same temperature is at least 12,000 cm2/volt sec. 
The mobilities of the various samples, with one 
or perhaps two exceptions, exhibit the usual 
variation with impurity concentration and crystal 
perfection. The highest mobilities were observed 


CdSn As, 





> 


“RK, (cm?/coulomb) 


4 





_ io 





8 
10°/T°K 


Fic. 3. ‘Temperature dependence of electrical resistivity 
and Hall coefficient for n-type CdSnAsz. 


in the three samples of lowest carrier concentra- 
tion, all of which were single crystals prepared by 
slow cooling. Among the other samples, all of 
which have carrier concentrations of approxi- 
mately 3 x 1018 cm~%, the polycrystalline quenched 
sample and one slow-cooled single crystal have 
mobilities of about 2500 cm2/volt sec. Although 
the quenched and Bridgman samples have approxi- 
mately the same grain size, the quenched sample 
might be expected to contain a higher density of 
imperfections, and its lower mobility is therefore 
reasonable. On the other hand, the fact that one of 
the slow-cooled crystals has the same mobility 
as the quenched sample is anomalous. In addition, 
it is rather surprising that the other slow-cooled 
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crystal does not have a higher mobility than the 
Bridgman sample, in view of the great difference 
in their grain sizes. 


INFRARED TRANSMISSION 
Infrared transmission data detween 2 and 15 yu 
for samples 4C and 5A of Table 1 are shown in 
Fig. 4. The measurements were made at room 
temperature Perkin-Elmer Model 221 
double beam spectrophotometer. Both curves are 


with a 


> 


#5a(n=3x10'8cm 


WAVELE 
Fic. 4. Infrared transmission of n-type CdSnAsg at room 


temperature. Sample thickness: 4C, 200 uw; 5A, 80 p. 


seen to exhibit typical semiconductor features: 
an opaque region at the shortest wavelengths which 
results from interband absorption, a relatively 
sharp absorption edge, and a partially transparent 
region beyond the edge in which free carrier ab- 


sorption is predominant. The gradual decrease in 


transmission observed on the long wavelength 
side results from the usual increase in free carrier 
absorption with increasing wavelength. Since 
sample 4C contains only one-fifth the free electron 
concentration of sample 5A, its transmission 
beyond the edge is much greater than for sample 
5A, although it is more than twice as thick as 
sample 5A. In fact, it seems probable that between 
6 and 7p the transmission for sample 4C is 
determined mostly by reflection losses, with 
absorption playing only a minor role. 

The absorption edge for sample 5A is located 
at shorter wavelengths than the edge for sample 
4C. Similar shifts of the absorption edge to higher 
energies with increasing electron concentration 
have been observed for n-type InSb and InAs. 
These shifts are attributed to the low density of 
states in the conduction 
pounds, 7:4) When the free electron concentration 


is sufficient to fill an appreciable fraction of the 


bands of these com- 
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lower states in the conduction band, photons of 
higher energy are required to promote electrons 
from the valence band to higher unoccupied states. 
Therefore the shift of absorption edge in CdSnAso 
may be taken as evidence for a low electron effective 
mass in this compound. From the absorption edge 
for sample 4C, the energy gap for CdSnAsz is 
estimated to be approximately 0-23 eV; the data 
for InSb suggest that further decreases in free 
will not shift the edge 


1 af 
electron concentration 


much further. 


BAND STRUCTURE 
Although the present experimental data are too 
limited to permit a detailed discussion of the band 
structure of CdSnAso, it is clear from the infrared 
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It was noted previously that CdSnAsgz resembles 
InSb and InAs in exhibiting a shift of its optical 
absorption edge to higher energy with increasing 
electron concentration. These three compounds, 
together with HgSe, also exhibit marked simi- 
larities in their electrical and thermoelectric prop- 
erties, as shown in ‘Table 2. These similarities 
indicate that the conduction band of CdSnAsy, 
like those of the other compounds, is characterized 
by a low electron effective mass of the order of a 
few hundredths of the free electron mass, They also 
suggest that the conduction band of CdSnAsge 
may have the non-parabolic form described by 
KANE for InSb,“!) which probably is also charac- 
HgSe, as HARMAN recently 


teristic of has 


suggested, (12 


Table 2. Properties of high-mobility compound semiconductors (300 


InSb 


p? 


T., J. Electronic 


. J. (unpublished). 


R. and EDMOND J 


and STRAuss A 


a) BARRII 
b) HARMAN T 
(c) Estimated f1 
d) HARMAN 


{e) SCHILLMA 


, GOERING H. L. and Beer A. ¢ 
Z. Naturf. 11a, 463 (1956 


I HARMAN ' private communication) 


transmission measurements that at room tem- 


perature 


the optical energy gap (~ 23 eV) is 

V), 8 
II1I-V compound. GoopMaNn® 
found that the [1-IV—V»2 chalcopyrites which he 


e 
the isoelectronic 
investigated also have lower energy gaps than the 
related III-V compounds. As in numerous other 
cases, the reduction in energy gap is correlated 
with a reduction in cohesive energy, as shown by 
the decrease in melting point from 943°C for 
InAs? to 590-600°C for CdSnAso. These effects 
are presumably associated with the reduction in 
the 
atoms from 0-3 for InAs to 0:25 for CdSnAss, on 
PAULING’s scale. 1 


average electronegativity difference of the 


InAs HgSe 


e x pt 


(uVdeg~) | (cm?V—!sec) 


( 


x Th 

(uVdeg-!) (cm*V~-!sec~!) 
x 104 
104 
103 


1, 161 (1955) 


ta of Weiss H., Z. Naturf. lla, 131 (1956) 
, Phys. Rev. 104, 1562 (1' 


56 
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Abstract 


The theory of the magnetic susceptibility of free holes is given. A general method of 


calculation which will work for degenerate as well as simple bands is described, and applied to the 
valence band of Ge. Results are given for both Maxwell—Boltzmann and Fermi-—Dirac statistics, and 


the possibility of comparison with experiments is discussed. 


1. INTRODUCTION 


IN THIS brief paper we shall deal with the magnetic 


susceptibility of free holes in the valence band of 


Ge. There has been some experimental work on 
this subject in recent years.“-2-3-4) As we shall see 
below it is quite difficult to make an accurate com- 
parison of the theory given here with the experi- 
ments, because many other contributions to the 
susceptibility mask that of the free carriers. How- 
ever, this theory is presented in the hope that it 
will perhaps stimulate research in an interesting 
range, and also for its intrinsic methodological 
interest. 

The susceptibility is treated in the effective mass 
limit of degenerate band theory, using the general 
formalism of KoHN and LUTTINGER”). To the best 
of our knowledge such a calculation (which would 
be valid for low hole concentrations) has not been 
carried out previously. 

In Section 2 we outline a general method for 
obtaining the field independent susceptibility. ‘This 
method is essentially the same as that used by 
SCHAFROTH in connection with the Meissner effect 
in superconductors. Instead of an homogeneous 
external field, a periodic slowly varying field is 
used. This enables one to use ordinary perturba- 
tion theory on the field in a very straightforward 
manner. ‘6) The result for the homogeneous field is 
obtained by letting the spatial variations of the field 
The result is first given for 


approach zero. 


* This work was supported in part by the Office of 


Naval Research 


Maxwell—Boltzmann statistics. It is obtained for 
Fermi—Dirac statistics by a simple transformation. 
We may mention that two other methods of cal- 
culation, that of Prreris’8) and the direct sum- 
mation over the energy levels in a magnetic field 
did not prove immediately applicable in the 
degenerate band problem. 

Section 3 deals with the detailed application of 
the general method to germanium. Finally, in 
Section 4, numerical results are given and the 


range of applicability is discussed. 


2. GENERAL METHOD OF CALCULATION 
The magnetic susceptibility of a system of N 
non-interacting particles with a Hamiltonian # 
and with discrete energy levels is easily calculated 
with Maxwell—Boltzmann 
energy F and the partition function Z are given by 
exp(—BF/N) = Z 
exp(—B#) = Tr exp(—f#H) 


statistics."9) The free 


= Trace x 
(2.1) 


Wy +H", Ho being the 
0, and 


where 8 = 1/kT and 4# 
Hamiltonian when the magnetic field H - 


HAH’ being the magnetic perturbing term. The 


Hamiltonian in the presence of a magnetic field will 
contain terms linear and quadratic in H. We use 
the following notation, # UW +H 1 +H 2, where 
HA is the unperturbed Hamiltonian, # is linear, 
and #2 is quadratic in the field. Therefore, we 
have #’ = #\+A 2. Since in the absence of per- 
manent moments, the lowest order term in the 
magnetic field in the free energy is proportional to 
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H?, we must calculate Z correct to second orderin diagonal, that is Woy; = ey. Then the averages 
H. The expansion of Tr exp[—§(#%o+')] where may be expressed as 
Hy and #’ do not necessarily commute is well ; 
known."1) The results are A2> = [> exp(— fe) | 2 A 911 x 

exp(— fer) = Z)' S Hon exp(—Ber) 


l 1 
Tr exp[—A(4#0+%')] | 
= [Tr exp(—BH%o) {1-8 <#’ >o+ 0 2 


B 
ee 4 ds(B—s)H" exp(—sA#o)H' exp(s# 0) >o4 
” H | eXp( —SH 0)A 1 exp(sH# 0) >i 
+ higher order terms in #’} (2:2) = > (#2 exp(— swy7) (2.7) 
where 9 denotes an average with respect to the 
distribution function exp(—8%o)/'Tr exp(—8*% 0). 
We insert 4’ = #%1+H2 into equation 2.2 and 
obtain 


where wy)’; = ev—e;. With the definition of the 
function f(a 7) as 


a (w] ) = ds(B—s) exp( — Sw) 


0 


Z(B) = Zo(B)1—B<H%2>o+ 


B 
+ | ds(B—s) W l exp(— S. H \H l exp(s# 9); Ot 


Bwr 1 + exp(Bw71) 
0 p 
(wy1)° 
(3.5) 
we may now write 
With equation 2.1, we have an expression for the 
change in the free energy. : Ne 
: ar = len 
N Zo : 
log Z (2.4a) 
p 
— 
S |#uv|?f(eri)} exp(—Ber) — (2.9) 
V é si 
flog Zo+ log[1—B<%2>0+ | ds(B—s 
B A [In order to use perturbation theory, we shall 
choose the field 


x (KH 1 exp(—s WH 9) H l exp(s# 0) ot eee }} 
(2.4b) 
= Foyt AF (2.4c) 


H = (0, 0, AoK sin Ky) (2.10) 
which may be obtained from the vector potential 


; ' A Ao cos Ky, 0, 0 11 
When we expand the logarithm in equation (2.4b) (Ao cos Ky ) ) 


we obtain, We choose K such that a < 1/K < L. We also 
choose periodic boundary conditions for K. ‘“‘a’’ is 

a typical lattice parameter and “J.” is a typical 
2 linear dimension of the crystal. With K chosen this 
rs way we would expect to observe the effects of a 


macroscopic field. We now have AF = f(Apo, K), 


B 


HW, exp(—sH0)A\ exp(sH#0)>o+ «+ 


which we must relate to the susceptibility. 
If the system has a susceptibility X, and mag- 


] 
(2.5) 


netization J(r) in a certain region would be given 
We now work in a representation “/’’ where #9 is by I(r) = XH(r) where H(r) is the magnetic field 
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in that region. Therefore the change in the free 


energy, AF, would be given by!” 


AF =} { I(r)H(r) ar 


] 
ae 


J 


| H2(r) dr = 4XH2 (2.13) 


To calculate H? easily we choose a cubic crystal of 
volume L3, then we have for H? with previously 


chosen periodic boundary conditions tor K, 


= 
H- | AjoK? sire2’Ky 
lL 


J 


We may now write for the susceptibility. 


4AF 
ARV 


or using equation (2.9) 


4n “ 
— S be. 
Zo A, K* < ‘i 


exp(—fe;) (2.16) 


number of particles per unit 


where V V, the 
volume (1/cm?). Here we label X as Xp because 
this is the susceptibility calculated with Maxwell 

3oltzmann statistics. ‘To determine “1 and %o 
in general we must make the _ substitution 


k, >P, —(e/c)A,. 


: A simple example is the free 
particle: 


and P. J. STILES 
where h is taken as 1 from now on, and pg = e/2mc 
is the Bohr magneton. If A- p = pA, we may 


write for equation (2.16) 


iat S mA? — 
ZA2K2 — 3 


XmB 
l 


— | > 
™, A Pu “f( wy] a Bez) (2.18) 


exXp\ 


and with 


(Ap cos Ky, 0, 0) 


9 


Ss - 
Ny B XN 
ZyK2 


X m cos*K4 I] 


mB 


. | 
S |cos KyPxy|2/(or ); EXpt 
ses ‘ ' } 


l 


The great simplification achieved by using the 
vector potential of the form ~ cos Ky is that the 


matrix elements have the form 


~ ( exp(—7k- r) cos Ky exp(tk + r) dr. 


J 
we treat K as a vector in the y direction, that is 
iK : r)] 


cos Ky = }[exp(iK - r)+ exp/( 


we note that the integral is non-zero only if 
k'—-k+K=0 or k'—k-K=0 : 

periodic form. Hence the value of the integral is 
) where 6 dp’ _» + K. The 
our expression for Xmp a 


because of its 


proportional to (6, +6 
delta functions leave 
function of k and K. We then expand Xz in a 
power series in K,. At this point, we take the limit 
as K approaches zero (which corresponds to a 
uniform field) in the ensuing expression and we are 
left with an expression for the susceptibility. For 
the free particle we obtain for Xmp, 


= - 4. 5nB, (2.20) 


the usual Landau result. 

By applying the known 
WILSON and SONDHEIMER"), we 
Maxwell—Boltzmann the corresponding result for 
Fermi—Dirac statistics. This result is valid as long 


transformation of 


obtain from 
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as the Hamiltonian is a quadratic function of the 


momentum. 


3. THE VALENCE BAND IN GERMANIUM 

The valence band of germanium is character- 
ized by three doubly-degenerate bands, the highest 
two being degenerate at k = 0 and the third is 
separated from these two by an amount AF at 
k = (). We do not consider the contribution of the 
latter to the susceptibility here. The Hamiltonian 
for a hole in the valence band is of the form of a 
four by four matrix. The Hamiltonian for this case 
with the magnetic field present 1s given as, ‘!9) 


Re 
- —y( Ro Je +k J + kJ2)- 


—2y3(kakyJxJy +kykeJ yJ2t keknJzJx) + 


é é : 
+-KJ- H+ ~-9(J3H,+J3H,+J3H2) 
, c 


c 


(3.1) 


The J’s appearing in the Hamiltonian correspond 
to angular momentum matrices for spin 3/2. ‘The 
k’s are understood to be k, = p,—(e/c)A, and 
kyk, is the symmetrized product, $(kzky+hkykz). 
With the Hamiltonian in its present form, the un- 
perturbed energies are not isotropic functions of k. 
Theoretical estimates as well as some cyclotron 
resonance data indicate that g is very small, so that 
we approximate 4 by taking g = 0. Because in 
germanium (y2—y3)/(ye+ys3) ~ 0:15 we further 
approximate the Hamiltonian by setting ye 
y3 = y and use as a value for 7 that of (y2+y3)/2. 
This greatly simplifies the calculations, for now the 
energy is an isotropic function of k. By the means 
of the identity 


> Rake) Jats) = (kJ)? - 


yf 


e 
, (3.2 
had H) (3.2) 


where again k, = p,—(e/c)A,, we may rewrite the 
expression for the Hamiltonian as 
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To calculate the susceptibility we must first put 
k, = p,—(e/c)A, in the Hamiltonian and obtain 


= Ho +H +H > (3.4a) 


H yp - i (3.4b) 


9 ad 
e IY 


2 


The energy levels corresponding to Wo are 


9 
me? | 


(v1 +27) 


2m 


ke 


(3.5b) 
2m 
With the gauge chosen as in Section 2, that is 
A = (Ao cos Ky, 0, 0), we have for W, and #2, 


-2Aoup (> t "|b: cos Ky 

—y[cos KyJ;(p- J)+(p- J)Jz cos Ky} 

+ (14 "\K sin KyJe| 

(3.6a) 


—2AopH | 


) me a i 

cos*Ky —2y]* cos Ky 

(3.6b) 

At this point, two alternative methods of calculation 


may be used. The matrix elements of 4’; and #2 
can be calculated directly from the eigenfunctions 
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of #9 (which have the form y= uj(k) exp(ik-r). 
This we did not do. What appeared to be a shorter 
method of calculation was to write (by means of 
certain projection operators) the expression for 
AF as a trace, and to make use of the invariance 
properties of the trace with respect to the choice of 
basis functions. ‘This is illustrated by the following 
procedure. In the expression for Xmpz, the index 
“?? denotes a sum over the degenerate bands and a 


sum over &, that is 


A typical matrix element may be represented as 


1 ” 


exp(—?k- r)U;(k) A, U;(R’) > 


exp(tk’ + r) dr (3.8) 
by its relationship to the matrix 


We define # 


elements as 


LUTTINGER 


H \,,'U;(k). From equation (3.8) we see 
H ,,,: willbe ~ (6 


end P: j. STILES 
The U’s are four-component vectors and the #’s 
are four by four matrices so that this representation 
of H\). is like a scalar product of U;(k) and 
that 
+6_) as in the case of the free 
particle. 

The two necessary projection operators are con- 
structed as 
Hy—e€] 
\+( (3.10a) 


€2—€] 


Hy — €2 


\-(R) (3.10b) 


€1— €2 
and have the following properties: 
At(k)ba(k) 
\-(R)a(k) = O 


A (Rk) (k) 

\~(R)ybo(R) 
\+(R)ubo(k) = yso(k), etc. 

We can now make replacements of the type 


|y’22 124 | ’23 124 | 7/82 24 | 3 ‘33 |\9 
are Cen) Tl peel TIF rexel 


ep A (RIA A(R) (3.11) 


in the expression for X,,z and obtain 
Q 2 
pn 


—(S1+ 59). 
ZK? 


(3.12) 


S; and So are defined as 


3eo(k)] + Tr( M5, A*(k)) exp[—Ber(A)]} 


CT r(H , 


\ (k ) Ht 1} 
A(R) A 


Tr 


TH 


Lkk lk k 


Akh 


\-(R'\H uk \ (A) /(@* *) exp| — Be\(k)] 4 


j 


] \ (R)) (aw ' ) exp[— Beo(k) | “+ 


\ (2) f (ok *) exp Beo(k)] + 


\-(R')\H KK ())f (oh *) exp| Be(k)]} 
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The evaluation of the traces in the expressions 
for S; and So is straightforward but tedious. ‘These 
traces involve products of the J’s up to the eighth 
power. They were evaluated by choosing a parti- 
cular representation for the J’s, and calculating the 
traces in S; and Se directly. 

When the traces are performed, the resulting ex- 
pression for So is a function of k and K (as % ,,, 
is ~ (6, +6_)) and the expression for Sj is already a 
function of k alone. Taking at this point the limit as 
K approaches zero in the expression for Xmp 
(equation 3.12), we are left with the field in- 
dependent part of the susceptibility for a homo- 
geneous field. This is 


Xmp = — 4yinpy?W (3.14) 


where 


(3.16b) 


If we now apply the transformation) from 


Maxwell—Boltzmann to Fermi—Dirac statistics we 
obtain 


Xpp = XmBFi)2(n)/Fij2(m) (3.17) 
with 7 now defined by the equation 
nh’ 


(mkT)3/2 21/ 


(3.18) 


Fy 2(7) ‘ 


Here w is the degeneracy at k = 0 (4 for Ge), and 


Y is defined as 
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We may write down the low temperature sus- 
ceptibility, that is 


3n\1/8 


2 (w? 3 Yy1 W), 


9 
4am RB 


limit Xpp = — 
T>0 3h2 


(3.20) 


where the necessary f’s have been inserted 
equations (3.18) and (3.20). 
The susceptibility of the valence band is plotted 


as a function of J and n in the region of interest in 





Fic. 1. The susceptibility of the valence band of Ge as a 
function of 7’ and n 


Fig. 1.43) In Table 1 the numerical values of the 


constants used are listed. 


Table | 


Constant 


4. DISCUSSION 
In any attempt to compare experimental values 
of the susceptibility to values predicted by formulae 
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developed here, those factors which limit the 
reliability of both the experimental and predicted 
values should be taken into consideration. 

First let us consider the predicted values. As the 
susceptibility was calculated on the basis of the 
effective mass limit, we would expect that for low 
concentrations any error introduced by using this 
model would be negligible. We shall see later that 
we expect little error in the predicted value at con- 
centrations which could give us a reliable experi- 
mental value to compare with. Therefore the only 
foreseeable error in the predicted value would come 
from the approximation in the Hamiltonian when 
we set y2 = y3. We assume an error of the order of 
15 per cent was introduced by doing this. By means 
of perturbation theory one could calculate this 
correction, but we have not done this because it is 
quite tedious and not yet called for by the data. 

It seems therefore that the value of the sus- 
ceptibility inferred from experimental data is the 
main cause of a limited range of comparison. 'To 
begin with, the present method used to measure 
the susceptibility of m holes in the valence band is 
one of subtraction. The total susceptibility (per 
cm°) of a germanium crystal of G atoms/cm®, L 
impurity atoms/cm®, and n holes/cm? in the valence 


band would be given by the following formula, 


(rp GXae+(L n)Ximp 


where XGe is the susceptibility/atom of a pure Ge 
crystal; Xjmp 1s the susceptibility/atom of an un- 
ionized impurity atom. ‘To determine X77 one first 
measures the total susceptibility (1/em*) of a 
“pure’’ crystal (to determine Xge) and also the total 
susceptibility (1/cm*) of a crystal with impurities 
these two values (and a previous ex- 


and from 


pression for Xjmp) one obtains Xpp. In the range 
which we feel the formulae may be applied, the 
contribution for the holes ranges from 1 to 1/200 of 
the contribution of the host crystal depending on 
the temperature and concentrations. Another ex- 
perimental difficulty is that though values within a 
given series of measurements are highly reproduc- 
ible, when the experiment is performed at another 
time, the results are not as reproducible. These two 
tacts together would lead to a shift of the absolute 
value of the susceptibility but would not change the 
general features of a susceptibility curve if the con- 
centration of holes as a function of temperature was 


available. 
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The most important restriction comes from the 
effect of so-called “Impurity Banding’’. For those 
concentrations (n > 5x 10!6/cm*) in which im- 
purity band conduction is observed, the likelihood 
of comparison is limited in at least two ways. 
Firstly, by reducing the accuracy of the evaluation 
of the number of holes in the band (the number of 
holes in the valence band, not the number of 
carriers), and secondly by introducing a direct con- 
tribution to the susceptibility. As the second is not 
well understood at the present time, it would seem 
that only for concentrations of holes of < 5 x 1016 
can one expect comparison with this theory. 
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Résumé—L intensité d’oscillateur des raies d’absorption de la série “‘jaune’’ des cristaux de CugO 
a été déterminée expérimentalement a différentes températures (77, 20 et 4°K) par une méthode 
spectrophotométrique. L’intensité d’oscillateur de la premiére raie (n = 2) est fe = 2,8 X10~®; les 
intensités d’oscillateur relatives fo(7) fn f2n’ont pu étre calculées avec une précision suffisante a 
partir des données expérimentales que pour les premiéres raies de la série. La valeur de fo ainsi que 
l’intensité d’oscillateur relative dans la série sont en bon accord avec la théorie d’ELLiIotT) des 
transitions excitoniques défendues 

Cet argument joint aux autres arguments déja connus"!*) permet d’affirmer que la série ‘‘jaune’’ de 
CueO appartient a un spectre excitonique défendu (spectre de deuxiéme classe) 

On a montré que le maximum du coefficient d’absorption Kmax d’une raie décroit avec le nombre 
quantique suivant la loi Kmax % 1/”* pour n > 3. 


Ces raies ont une forme asymétrique. On a introduit un 


I 
r 

té et or tudié la variation de yaramétre avec n. La forme de la premiere raie ( 2) 
pricte et on a ctudalie a aria n ade ce parame ea ¢ 7 sa rme de a premiere rale n & 


yarametre pour Caracteriser cette pro- 


différe beaucoup de la forme des autres raies de la série 

Les résultats de nos mesures montrent que la durée de vie des excitons croit avec n; ce résultat n’est 
pas incor istant avec la théori de 'TOYOZAWA 
Abstract—The ‘‘yellow’’ series of absorption lines in CugO crystals has been studied by spectro- 
photometric methods at different temperatures down to liquid helium. The experimental values of 
the oscillator strength of the absorption lines have been determinated. The oscillator strength of the 
first lines (n 2) is fo 2:8 x 10~®; the relative oscillator strength fo(7) fn fo has been calculated 
from experimental data for different lines. fo(7) is however determined with a sufficient accuracy for 
the very first lines of the series only. Both the value of f2 and the relative oscillator strength in the 


series are 1n good agreement with ELLIOTT’s theory of forbidden exciton transitions These 


arguments added to others already known give a very solid basis to the interpretation of the 
yellow’’ series of CugO as a forbidden exciton spectrum 

It has been shown that the maximum of the coefficient of absorption in a line Kmax decreases 
with the quantum number 7 according to a law Kmax “% 1/n? for n 3 

The lines are of a very assymetric form. A parameter is introduced to characterize this property. 
Che variation of this parameter with 7 is investigated. ‘The form of the first line (n 2) differs very 
much from the form of the other lines of the series 

According to our data, the life time of excitons increases with 7: this result is not inconsistent 


with ‘ToyozAwa’'s theory 


INTRODUCTION données quantitatives ayant été obtenues jusqu’a 
Les specTres de raies d’absorption que l’on ob- _ présent sur les spectres en question, nous nous 
serve avec des cristaux de CugO ont été attribués sommes proposés de reprendre |’étude de la série 
a des transitions de deuxiéme classe (faiblement ‘“‘jaune’’ de CugO pour étre en mesure d’effectuer 
interdites) vers des états excitoniques P"-*), une comparaison quantitative de la_ théorie 
Toutefois, cette attribution reposait sur des d’ELLiotr™) des transitions excitoniques de 
arguments qualitatifs ou semi quantitatifs. Peu de deuxieme classe avec des données expérimentales. 
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Nous avons déja donné les premiers résultats de 
nos études dans une communication présentée au 
Congrés de Bologne.®’ Nous avons pu obtenir 
depuis un grand nombre de données nouvelles dont 
la comparaison avec la théorie fait l’objet de ce 


mémoire. 


RAPPEL DE LA THEORIE DES SPECTRES 
EXCITONIQUES 
La théorie d’ELLIoTT prévoit deux classes de 
spectres excitoniques. 
Les transitions de premiere classe (4) cor- 
respondent a des spectres permis. Elles se pro- 


> > 7 
duisent pour K = 0 et AK =0, ot K est le 
vecteur d’onde et seules des transitions vers les 
états excitoniques S sont permises. La théorie 
prévoit que les spectres de raies doivent étre 
hydrogénoides : 


(1a) 


avecn = 1,2,... & 


oll vy, est le nombre d’onde de la nieme raie, vx 
celui de la limite de la série, R, le nombre de 
Rydberg excitonique et le nombre quantique. 
Par ailleurs, les intensités d’oscillateur des raies 
de la série varient comme : 
Cj 
Jn wr 
een? 
ou. C) est une constante que l’on peut calculer a 
priori dans certains cas et e la constante di- 
électrique. L’ordre de grandeur de C\ peut étre 
prévu dans la plupart des cas. 

L’un de nous a montré) que la théorie de 
cette classe de transitions décrit, quelquefois 
jusque dans les détails d’une fagon remarquable, 
les spectres de certaines substances (Cul, CuCl, 
Hglo, PblIg, etc.). 

Quand les transitions de premiére classe sont 
interdites, en raison de la structure des bandes 
électroniques (C; = 0), une deuxieme classe de 
transitions peut étre prévue. Elle est faiblement 


—> —> 
interdite. Dans ce cas, AK = 0, K 4 0 mais trés 
petit. On montre qu’alors, seules des transitions 


vers des états P excitoniques, sont permises. De ce 
fait, les raies de la série obéissent encore a une 
loi hydrogénoide, mais la raie correspondant a 
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n = 1 est interdite : 


Re 


— 
n- n 


(1b) 


Vn = Voo 


Par ailleurs, le facteur f est donné par la formule : 


: C2 n*— | 
Tn _ * - 
t n°? 
Cy est une constante qui est difficile a calculer 
dans |’état actuel de la théorie, mais dont on peut 
estimer l’ordre de grandeur. L’un de nous a 
montré") que dans cette évaluation, on pouvait 
préciser que, dans les spectres de deuxiéme 
classe, l’absorption devait étre beaucoup plus 
faible que dans les spectres de premiere classe. Une 
évaluation grossiere a été faite et montre que le 
rapport des facteurs f pour la raie » = 1 d’un 
spectre de premiere classe et pour la raie n = 2 
d’un spectre de deuxieme classe est de l’ordre de 
10-3, en admettant que les deux spectres comparés 
appartiennent a deux corps ayant des « du méme 
ordre. Or, l’absorption dans CugO est effectivement 
beaucoup plus faible que dans Cul, dont le 
spectre est un cas typique pour les transitions de 
premiere classe. Cet argument, ainsi que le fait 
avec la 


raie 7 Z 


que les séries de raies observées 


cuprite®-6.7.8) commencent avec la 
(la raie n 1 est également observable quelque- 
fois, mais elle est trés faible. Elle est probablement 
observable dans des cristaux possédant de fortes 


tensions, ont conduit") et) a lestimation 
que les spectres de la cuprite étaient dus a des 
transitions excitoniques de deuxieme classe.* 
Viais, il est certain que des données quantitatives 
doivent étre apportées a l’appui de cette classifica- 
tion. En effet, l’attribution des spectres d’autres 
substances a la premiere classe aurait pu étre 
faite en se basant sur l’intensité de |l’absorption 
car elle est tres grande. Ce fait élimine l’attribution 
de ces spectres a des impuretés ou défauts éventuels 
Dans le cas de la cuprite, cet argument 
n’est plus valable car l’intensité d’absorption est 


(2cdf) 


de l’ordre de grandeur de celle que pourraient 
donner des impuretés ou des défauts éventuels. 

* L’effet Zeeman étudié par Gross et al.'®) est égale- 
ment une preuve de l’origine excitonique du spectre de 
la cuprite, mais ne donne pas d’indication directe quant 
a la nature de la transition excitonique. 
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Ainsi, l’attribution des spectres de CugQ, bien 
que plausible, n’était pas démontrée rigoureuse- 
ment. 

Une étude quantitative approfondie parait donc 
indispensable pour pouvoir statuer sur cette 


attribution. 


COMPARAISON DES DONNEES EXPERIMEN- 
TALES AVEC LA THEORIE 

Il est évident qu’un élément essentiel de com- 

paraison des données expérimentales avec la 

théorie est obtenu en mesurant les valeurs ex- 

périmentales fexp de l’intensité d’oscillateur des 

raies et en les comparant avec les valeurs théoriques 


nochromateur 


“ S82 ==. 


Fic. 


fin. Comme Cy ne peut pas étre calculé a priori 
avec précision, la comparaison portera sur : 

(a) ordre de grandeur des ft, que l’on peut 
évaluer et la valeur des fexp. 


(b) la variation de fexp avec n. 


Nous avons, en plus, obtenu des données ex- 
périmentales qui ne sont pas prévues par la 
théorie dans son état actuel. II serait important de 
développer la théorie dans ce sens. 

L’évaluation de fexp peut étre faite par différentes 
mé¢thodes. °°9 Mais, 
Krawetz"® est applicable a CugQO, la dispersion 


seule la méthode de 
anormale n’étant pas observable avec ce corps, 
les raies étant trop faibles. 

La méthode de KrAwetz repose sur |’application 
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Photomultiplicateur R.C 
mesure de 


SIESKIND 
de la formule suivante: 


moc? 


Jexp = nK dv (4) 


aNe? . 


Dans cette formule, mo est la masse de 
l’électron au repos, c la vitesse de la lumieére, N le 
nombre d’atomes par unité de volume et e la 
charge de |’électron; n est l’indice de réfraction 
du cristal et K le coefficient d’absorption défini 
par la formule: 

J = Jo(l—Rye-Ke (5) 
ou x est l’épaisseur du cristal, Jo l’intensité de 
lumiére incidente et J l’intensité de la lumiére 


Photomultiplicateur'"R.C. A" 
(mesure de |’intensité transmise) 


‘intensite reéflechie) 


1. Montage pour la mesure absolue des coefficients d’absorption et de réflexion. 


transmise. R est le coefficient de réflexion de CusO. 
On peut se contenter de cette formule approchée 
négligeant les termes correspondant aux inter- 
férences car la densité optique de nos échantillons 
dans cette partie du spectre est déja appréciable. 

n varie peu dans la région spectrale ot se trouve 
la série jaune et peut étre considéré avec une bonne 
précision comme constant* et remplacé par une 
valeur moyenne 7 = 2,75. On peut alors écrire la 
formule de KRAWeETz sous une forme plus simple : 


fexp = as 


* Ce fait ressort avec certitude de nos expériences. 
Nous n’avons trouvé ni dispersion anormale, ni anomalies 
du coefficient d’absorption au voisinage des raies. Ces 
deux faits sont concordants et sont dus 4a la circonstance 
que les raies d’absorption sont faibles. 
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ou S = f K dy est l’intégrale de la courbe d’ab- 
sorption de la raie étudiée et a une constante. 
Comme, dans le cas de Cug0, il y a par cellule 
élémentaire deux fois plus d’atomes de cuivre 
que d’oxygéne et que l’on ne sait pas lequel de 
ces atomes est responsable de |’absorption, il est 
préférable de définir f par cellule élémentaire et 
non par atome. Dans ce cas, pour CugQ, on a: 


fr? = 2,4x 10-195 7) 


/exp 
Le probleme consiste donc finalement 4 évaluer S. 
MONTAGE EXPERIMENTAL 

Le montage expérimental* comportait (Fig. 1) 
une source S qui était une lampe a filament de 
tungstene alimentée au moyen d’une batterie 
d’accumulateurs, qui permettait d’obtenir un 
courant constant et une brillance constante. La 
constance du courant était controlée par enregistre- 
ment durant toute la mesure. 

L’image de S était projetée sur la fente d’entrée 
d’un monochromateur a trois prismes Zeiss dont 
la bande passante était 0,5 A dans la région 
spectrale considérée. 

Pour mesurer les intensités 
réfléchies par |’échantillon, l’image de la fente de 
sortie du monochromateur était projetée sur 
’échantillon au moyen d’une lentille Ly. Cet 
échantillon était légerement incliné par rapport 
a l’axe du montage, de facon a envoyer le faisceau 
réfléchi au moyen d’une lentille 2 sur un premier 
photomultiplicateur P;. Le faisceau transmis dans 
l’axe du montage était envoyé au moyen d’une 
autre lentille Z3 sur un deuxieme photomulti- 


transmises et 


plicateur Po. 

Pour mesurer l’intensité de la lumiére incidente 
Jo au moyen des deux photomultiplicateurs P; et 
Ps, on déplagait le cryostat verticalement dans 
deux positions différentes, de fagon a: 

(a) faire passer la lumiére directement sur P» 
sans traverser le cristal; 

(b) faire tomber la lumiere incidente sur un 
miroir argenté qui la refléchissait sur P}. 

La coefficient de réflection du miroir avait été 
mesuré préalablement, ce qui permettait de tenir 
compte de son pouvoir réflecteur. 

* Nous remercions M. BIELLMANN pour son aide au 
cours du montage de cette installation spectrophoto- 


métrique. 
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La source S ayant une intensité rigoureusement 
constante, on mesurait d’abord I’intensité incidente 
pour un grand nombre de longueurs d’onde avec 
P, et Pz. On remettait ensuite en place le cristal 
et on déterminait, au moyen de P et Ps, l’intensité 
transmise et réfléchie par le cristal pour les mémes 
longueurs d’onde que précédemment. Apres cette 
deuxiéme série de mesures, on reprenait quelques 
points dans les mémes conditions que lors de la 
premiere série de mesures, pour s’assurer que 
l’intensité de S n’avait pas changé pendant les 
mesures. Le courant passant par S était d’ailleurs 
controlé par enregistrement. 

Les photomultiplicateurs P; et P2 étaient du 
type R.C.A. I.P. 21 S4. Le courant, a la sortie, 
était mesuré avec des galvanometres A.O.L.P. 
sensibles a 10-9A sans amplification. 

On peut estimer qu’avec les précautions prises, 
les erreurs commises dans les mesures photo- 
métriques étaient de l’ordre de + 2 pour cent. 

Alors que l’épaisseur de cristaux de Cul et 
PbIy pour la mesure de f doit étre de l’ordre de 
quelques dixiémes de micron, dans le cas de CugO, 
par suite de la faible absorption, nous avons pu 
utiliser des lames cristallines de 10 a 20un. 
L’épaisseur de ces lames a été mesurée a l’aide d’un 
palmer permettant d’évaluer le demi-micron. 
Mais, cette épaisseur était légerement variable 
d’un point a un autre d’un échantillon; il en ré- 
sultait une incertitude de l’ordre du micron, 

On peut finalement estimer que A était deéter- 
miné a + 5 pour cent pres. La precision était un 
peu 
d’absorption. 


moins bonne sur les sommets des raies 


DESCRIPTION QUALITATIVE DU SPECTRE 
D’ABSORPTION 


Les Figs. 2(a) et (b) représentent la courbe 
d’absorptiont+ d’un échantillon de 10 p d’épaisseur 
dans la région de la série “jaune”? pour T = 4,2°K. 


Avant d’en tirer des données quantitatives, 


quelques remarques générales sont nécessaires. 
En premier lieu, il faut noter que l’absorption 
dans les raies de la série jaune se superpose a un 


fond continu qui commence a devenir important 


+ Le fond continu se trouvant du cété des grandes 
longueurs d’onde au-dela des deux bords rouges est 
probablement dd a une imprécision dans la détermination 
de R, la réflexion pouvant comporter une petite part de 


réflexion diffuse. 





NIKITINE, J. 8. 


296 S. 


dans le rouge a partir des deux bords. Ce fond 


continu a fait l’objet d’une étude approfondie qui 
sera le sujet d’une prochaine publication. II 


résulte de cette étude qu’il est légitime de con- 
sidérer ce fond continu comme étant indépendant 
de l’absorption dans les raies de la série. Il est 


(b) 
d’un échantillon de 
10 pu d’épaisseul a 4,2°K. (b) Courbe d’ab- 
d’un échantillon de CugO de 10 
4,2°K (série 


a) Courbe d’absorption 


uw d’epaisseur a 


jaune) 


donc nécessaire de soustraire de l’absorption totale 


dans la région spectrale ot se trouve la serie, 


l’absorption du fond continu étudiée par ailleurs. 


} ? 


On peut opservel que la forme de rale 7 Z est 


tres différente de la forme des autres raies de la 
série. Elle est beaucoup plus large et beaucoup 
plus dissymétrique. 

Il est ensuite remarquable que toutes les raies 
soient dissymctriques, mais qu’elles deviennent de 
moins en moins dissymétriques quand » croit. 
Les raies deviennent également beaucoup plus 
fines quand n croit. 

La série converge vers un bord qui forme une 
transition continue avec une courbe d’absorption 
croissante. 

Dans toute cette région spectrale, le coefficient 


d’absorption K est de l’ordre de 2 45 x 10° cm. 
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EVALUATION DES INTENSITES D’OSCILLA- 
TEUR fexp A PARTIR DE LA COURBE 
D’ABSORPTION 

Pour évaluer l’absorption intégrale S dans les 
raies, nous avons soustrait de l’absorption dans le 
spectre, le fond continu, étudié dans un travail 
a paraitre. I] résulte de cette étude que le coefficient 
d’absorption dans le fond continu varie tres 
exactement comme (v—1;)!/2 ott »; est le nombre 
d’onde du bord limitant cette absorption dans le 
rouge (ceci est rigoureux a la température de 
l’He liquide. A haute température, il y a en fait 
superposition de deux spectres continus de méme 
nature, mais décalés l’un par rapport a I’autre. 
Les deux spectres peuvent étre d’ailleurs décrits 
par la théorie d’ELLiotr™)). Il est alors possible 
d’extrapoler la formule trouvée pour cette partie 
de la courbe d’absorption dans le fond continu, 
jusque vers la série jaune. La soustraction ne 
presente donc pas un Caractere arbitraire, tout au 
moins au début de la série jaune. 

Par ailleurs, ce spectre continu doit se raccorder 
au spectre continu que l’on observe, du cété des 
grandes fréquences, au-dela de la série jaune. La 
théorie ne donne aucune indication quant au 
raccord de ces deux spectres. Devant cette in- 
certitude, nous avons raccordé a l’estime (Fig. 2) 
les deux spectres continus suivant deux tracés (I) 
et (II). Nous avons soustrait ensuite cette absorp- 
tion continue (I) et (II) de l’absorption totale et 
obtenu ainsi deux tracés de l’absorption dans les 
rales. 

Pour les courbes obtenues a 4,2°K, ces différents 
tracés n’influent pratiquement pas sur la valeur de 
lintégrale S des raies n = 2 et n 
calcul de S$ 
différence entre les deux tracés pour les raies de 
peut donner 


: : 
3: mais le 


devient hasardeux a cause de la 


nombre quantique > 3. On ne 

alors que des ordres de grandeur pour ces raies. 
Pour la température de |’azote liquide, le calcul 

de S est déja incertain pour m = 3, mais reste 


raisonnablement précis pour 7 Zz 


Pour la tem- 
perature de l’hydrogene liquide. l’incertitude sur 
les valeurs de S est intermédiaire. A partir des 
valeurs de S ainsi obtenues, nous avons calculé les 
intensités d’oscillateur des différentes raies a 
différentes températures et pour les deux tracés 
(1) et (II). Nous avons groupé, dans le Tableau 1, 
les résultats obtenus avec un méme échantillon. 


Ces mesures ont été reprises pour différents 





ETUDE 


Tableau 1. 
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Intensités d’oscillateur des raies de la série jaune de CusO pour les tracés (1) et (II), 


aux températures de l’He, l’Hz et Ng liquides. 


T= 4°K T 


foc1)(n) | fcr 108 fortrry(2) | f(y 10% | forry(m) 


f(1)108 


n 


0,36 
0,11 


0,15 0,05 


échantillons. On en déduit des valeurs concor- 


dantes des facteurs f a 3 pour cent pres, tout au 
moins pour les premicres raies, L’incertitude sur 


les raies n 


tude sur le tracé du fond continu. Le ‘Tableau 2 


? 


Tableau 


les rates n = 2 et n 


Echantillon 1,e 10 pw Echantillon 2,¢ 


fy 108 F110 


2,8 


? 


2,9 


i; 15] 


4 
+ 


donne cette comparaison pour les deux premieres 
raies de la série, a la température de |’ He liquide. 

Comme le montre le Tableau 1, la valeur de f 
pour une raie donnée ne varie pas beaucoup avec 
la température. 


COMPARAISON DES VALEURS AVEC 


LA THEORIE 
Il est important de comparer les valeurs de 
facteurs f ainsi la 
@ELiiotr™) des transitions vers des ¢tats excito- 


DE fexp 


déterminés avec théorie 
niques. 

Nous avons dit que le spectre de CugO a été 
comparé a un spectre de deuxieme classe (faible- 
ment interdit) prévu par la théorie d’ELLIOTT. 


4 ! ' eo i 
. 3 provient uniquement de I|’incerti- 


re 77h 


20°K 


fry 10® | fortry(m)! Fo 108 | forty(22)| fear) 108 | focry (7) | théor. 


Ffo(n) 


Malheureusement, la constante C2 de la formule 
(3) ne peut étre calculée avec précision. A priori, 
on ne peut en donner qu’un ordre de grandeur. 
Nous nous contenterons de comparer la valeur 
de fo de CugO a celle de fj de Cul, qui présente un 


Comparaison des intensités d’oscillateur de trois échantillons d’epaisseurs différentes pour 
3 a la température de l’He liquide. 


Echantillon 3, e 


14 uw 


fi1)108 f,11)108 


spectre de premiere classe. Le rapport des valeurs 
expérimentales 


foexp(Cugl )) 


0,7 x 10-4 


’ 


fiexp(Cul) 
est bien de l’ordre de grandeur prévu dans un 
calcul r La 
quantitative ne peut étre menée plus loin, tant 


trés approximatif.*° comparaison 

que le calcul a priori de C2 ne sera pas effectue. 
Mais on peut la 

paraison plus loin en étudiant les intensités re- 


latives (Sn f2)exp- La théorie prévoit que ce rapport 


conduire néanmoins com- 


* Notons que feexp(CuzO) et fiexp(Cul) ont été évalués 


par cellule élémentaire. 
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(C> restant constant) est : 
Tn n-— | 

fo(n) = - 10,6 > : 

Jo n°? 

La comparaison ne peut étre faite avec précision 
que pour ” = 3 et a la température de |’hélium, 
par suite de l’incertitude du tracé du fond continu. 
Mais, pour la raie n 3, l'accord avec la théorie 


est bon (+15 pour cent environ), comme 


l’indiquent les valeurs données dans le Tableau 1. 
Comme il n’était pas possible de conclure pour 


nous avons 


Nous 


les raies de nombre quantique n if 


tenté de faire le raisonnement inverse. 


Fic. 3 


Profiles de ra 


aux traces 


avons supposé gue la formule (3) s’appliquait a 


la série jaune et nous avons construit, a partir 


des valeurs de f données par cette formule, le 


fond continu qu’il faudrait soustraire pour obtenir 


un tel résultat. Ce fond continu (IIT) est porte 


sur la Fig. 3. On voit qu’il n’est pas inconsistant 


avec la courbe expérimentale. 


Nous croyons gue cette discussion a apporte 


un élement qualitatif nouveau : ordre de grandeur 


Tableau 3. 
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ies de la série 


SIESKIND 


de f, et un élement quantitatif : valeur de fo(”)exp 
en faveur de l’interprétation de la série jaune de 
la cuprite et son attribution a des transitions ex- 
citoniques de deuxieme classe. En ajoutant ces 
arguments nouveaux a ceux qui avaient été donnés 
précédemment, il nous semble qu’il reste peu de 
doutes en ce qui concerne cette interprétation. 


VALEURS DU COEFFICIENT D’ABSORPTION 
MAXIMUM Kmax DES RAIES DE LA SERIE JAUNE 

Les valeurs de Kyyax du coefficient d’absorption 
maximum des raies sont naturellement également 
affectées par l’incertitude du tracé du fond continu. 


jaune de CueO correspondant 


I et Il. 


Malgré cette incertitude, on peut noter que Kmax 
diminue lorsque le nombre quantique m augmente. 
Il semble que cette variation soit, pour les raies 
correspondant am > 3, assez voisine de Kmax o 1/n?. 
Cette variation ne s’applique pas a la raie n = 2, 
qui est tres large et dont la valeur de Renax 
est aberrante. Ces valeurs sont données dans le 
Tableau 3 pour les deux tracés (I) et (IT) et pour 
mais méme 


différentes températures, pour le 


Coefficients maxima d’absorption en cm! de la série jaune de CusO pour les tracés (1) et 


(Il) aux températures de l’He, l’He et No liquides. 


20°K 


K 








ETUDE SPECTROPHOTOMETRIQUE DE LA SERIE JAUNE DE Cu20 


échantillon. I] ne parait pas possible de conclure 
au sujet de la variation thermique de Kmax. 


LARGEUR ET DISSYMETRIE DES RAIES 

Comme nous I’avons dit, les raies de la série 
jaune de la cuprite sont tres dissymétriques. Pour 
caractériser cette dissymétre, nous avons mesuré, 
a partir de l’abscisse du maximum de chaque 
raie, une demi-largeur vers les grandes valeurs de 
v: Av*yj, et une demi-largeur vers les petites 
valeurs de v: Av~j/9. Nous suggérons de prendre, 
pour parametre exprimant la dissymetrie d’une 
raie, la quantiteé : 


5 = 1 pour une raie complétement dissymétrique 
(Av+i/2 = 0 par exemple), 6 = 0 pour une raie 
symétrique (Av-y/2 = Av*y;). 

Il est facile de voir que la dissymétrie des raies 
diminue quand le nombre quantique des raies 
augmente dans la série. 

Par ailleurs, 2Avyjo = Avtyjo+Av-y/2 diminue 
également lorsque le nombre quantique augmente. 
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Les valeurs de Avjjg dépendent beaucoup du 
tracé du fond continu. II est assez difficile de se 
prononcer sur la loi suivant laquelle cette deé- 
croissance se produit. Notons que si l’on admet la 
formule d’E.uiotr sur la variation de f dans la 
série et la validité de la loi Kmaxo1/n? pour 
n > 3, la variation de Avis devrait étre de la 
forme : 


9 

n?—| 
Av} 2oC = — 
n3 


— pour m > 3 


en supposant f proportionnel au _ produit 
Kmax 2Av} 2- 

Il est 4 noter que si l’on admet la relation 
classique entre la durée de vie et la demi largeur de 
la raie, on devrait conclure que les excitons de 
nombre quantique élevé sont plus stables que les 
excitons de nombre quantique faible, malgré les 
valeurs en sens contraire des énergies de liaison.* 


* Le Prof. Yoccoz a pu montrer, a partir de la théorie 
de Toyozawa, que la largeur des raies devrait décroitre 
comme 1/n® quand la masse totale de l’exciton est 
grande et qu’elle serait constante quand la masse de 
l’exciton est faible. Nos valeurs correspondraient a un cas 
intermédiaire. 


Tableau 4. Demi-largeur (en cm=!) des raies de la série jaune de CugO aux températures de lHe, 
l’He et No liquides pour les tracés (1) et (IT) 


Tracé (I) 


Tracé (IT) 
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Les données concernant la largeur des raies sont 
réunies dans le Tableau 4. 
J] y a lieu de noter que les formules empiriques 
suggerées sont affectées par V’incertitude du tracé 
du fond continu. Elles sont des approximations 


grossieres. 


CONCLUSIONS 
Cette étude nous a permis de déterminer les 
valeurs expérimentales des intensités d’oscillateur 
des raies de la série jaune de CugQO. Cette déter- 
mination a été faite avec une bonne précision pour 
la raie m = 2 et une assez bonne précision pour 
3; pour les raies de nombre quantique 


la raie n 
plus élevé, nous n’avons pu que déterminer un 


ordre de grandeur des intensités d’oscillateur. 


L’ordre de grandeur de l’intensité d’oscillateur 
fz pour n = 2 est celui que l’on peut prévoir pour 


des transitions de deuxieme classe. Le rapport 
fo(3) = fa/f2 est en bon accord avec la formule 
d’ ELLIOTT Ces 


données apportent des arguments nouveaux en 


pour ce genre de transitions. 


faveur de l’interprétation des raies de la série 
jaune comme transitions de deuxieme classe. De 
ce fait, cette attribution ne parait plus étre mise 
en doute. 


Par ailleurs, nous avons montré que la forme 


? 


de la raie n 2 est trés différente de celle des 


autres raies, comme si cette raie était de nature 
différente. 

Les valeurs de Kyax décroissent dans la série 
suivant une loi qui est assez voisine de 1/n?. 


Les raies sont trés dissymétriques, mais la 


dissymeétrie diminue quand m augmente. Par 


ailleurs, la largeur des raies diminue quand n 


augmente. Ceci indiquerait une plus grande 


durée de vie des excitons. Sur l’orbite de nombre 


quantique nm = 2a 4°K elle est t ~ 1,8> 13 sec, 


Ces dernieres données ne sont pas prevues par 
la théorie. Il serait souhaitable que celle-ci soit 


développe € dans ce sens, 


GRUN et M. 
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Abstract 


Donor equilibria involving the reaction of oxygen have been determined in a series of 


oxygen-doped Ge crystals of known oxygen concentrations. The intrinsic electron concentration is 
shown to be an important factor in determining the equilibrium. The results confirm that four 
oxygen atoms are involved in the formation of one donor. The standard enthalpy change (71 kcal, 
3:1 eV) for the donor formation is somewhat greater than that expected for a GeQOg, structure. The 


entropy (48 e.u.), however, appears to be much too large for a simple rearrangement model. 


I, INTRODUCTION 
‘THE REACTIONS of oxygen leading to donor forma- 
tion in silicon have been the subject of a con- 
siderable number of investigations over the past 
five years."!) Investigation of the kinetics of the 
donor formation indicated that an aggregation of 
oxygen atoms takes place upon annealing and, in 
particular, that a structure consisting of four 
oxygen atoms is formed which has donor prop- 
erties.23) More recently ELLiotr™ found, in 
germanium, that donors attributable to oxygen 
are formed upon annealing. A more detailed study 
of the donor formation in oxygen-doped ger- 
manium has been reported by BLOEM ef al.) who 
described their results qualitatively in terms of 


temperature dependent equilibria between neutral 


oxygen atoms and a donor consisting of four 


oxygen atoms. 


4N2D (1) 


where N represents the neutral oxygen atom and 
D represents the donor. We have investigated the 
formation of donors over a wide temperature 
range in germanium single crystals having well- 
defined oxygen concentrations. It is shown that the 
concentrations of donors formed can be accounted 
for quite well if each donor is assumed to contain 
four oxygen atoms. However, in order to obtain 


* A preliminary account of this work has appeared in 


J. Phys. Chem. Solids 16, 161 (1960). 
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satisfactory agreement with experiment, we have 


found it introduce the intrinsic 


carrier concentration into the equilibrium equation 


necessary to 


(1), which then may be written 
4NeaD2oDtt+e (2) 


since ionization of the donor is essentially complete 
in these experiments. In equation (2) the donor 
ion, D*, is assumed to be composed of four oxygen 
atoms surrounding a Ge atom of the crystal and 
may be designated GeQO,. 

In the later discussion, we take up some sub- 
sidiary factors affecting the equilibrium as well 
as a comparison of the results with similar data 


for silicon containing oxygen. 


II, EXPERIMENTAL 

\. Materials and measurement 

The crystals, containing oxygen in various 
concentrations, were prepared by growing from 
melts under different partial pressures of oxygen 
in argon. Infra-red absorption measurements, 
made at 11-7 microns, showed the crystals em- 
ployed to be uniform in oxygen concentration to 
within about 5 per cent. The absorption measure- 
ments themselves in this range are precise to a 
few per cent. The infra-red determinations were 
standardized by means of gas analysis on a separate 
series of oxygen-doped Ge crystals. ®) Specimens 
for the resistivity and Hall effect measurements 
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Table 1. Equilibrium donor concentrations in 1016 cm~? for various oxygen contents and temperatures. 


Oxygen 
conc. 


+x 10 


“I to 
> 
sin 


a 
WN bY 


Sh EDO 
BWwoOnNnnmr~auntbD 
~1 0 O10 


tw 


a. As determined by infra-red absorption. 
b. 4D* at 350°C. 

c. ““None’’ corresponds to 
d. Not determined. 


1014 cm 


were taken immediately adjacent to the specimens 
used for oxygen analysis. The oxygen contents of 
the crystals used in this work ranged from 0-9 to 
12-0 » 

Hall measurements were 
bridges, 8) using a field of 1600 Oe. Resistivity 


1017 atoms cm~8* (Table 1). 

made on standard 
measurements were made upon rectangular bars 
(2x 2x 15 mm?) by means of a four-point probe 
device.4) ‘The accuracy in the resistivity measure- 


ments was better than 1 per cent. 


B. Annealing procedure 

Since the cry stals undergo reactions as a con- 
sequence of heating during crystal growth, it is 
essential before each run to heat each specimen to 
near the melting point of Ge and to quench 
rapidly from this temperature. Because contamina- 
tion by copper nearly always occurs when Ge is 
heated to high temperatures, the following pro- 
cedure was followed: The resistivity specimens 
were cleaned by means of a light etch in mixed 
HF and HNOs, rinsed in pure 
lightly in a gold cyanide plating bath and finally 
given a rinse in pure water. The dry specimens 


vater, plated 


were sealed under about 10 mm air pressure in 
quartz tubes, heated for 14 min at 915°C, and 
quenched in water to near room temperature in 


* All oxygen contents are in atoms cm 


3 


None c 


Reaction Temperature, 


470 500 


None 
0-25 
0-71 

‘66 

‘10 


/ 


None 


WP NNR 


4. wn we w a) 
to 


less than 5 sec. In this way the starting resistivities 
(after removal of the surface plating by grinding 
off several mils) were always above 2 ohm cm for 
the crystals containing 6-0 x 101? cm~3 oxygen or 
less. 

Anneals were carried out in furnaces controlled 
to + 1°C. All resistivity measurements were made 


after quenching to 25 + 1°C. The rates of cooling 


to room temperature were less than 3 sec and in 


no case were they found to affect the results. No 
reaction was observed at room temperature for 
long times. 

Annealing temperatures ranged from 329 to 
560°C for times (in some cases as long as 1000 
hours which were sufficient to attain near-equili- 
below. The 
pertinent data are given in Table 1. Tests at 325°C 


brium concentrations as discussed 
for over 1000 hr showed the same equilibrium 
value as obtained after a long time at 350°C. 

The concentrations of donors formed in Ge are 
much greater under comparable conditions than 
in Si.) Most important, the rates of donor forma- 
tion in Ge are at least 500 times greater than in Si 
for similar temperatures and oxygen concentrations. 


C. Calculation of donor concentrations 
In order to convert the resistivity changes ob- 
served upon annealing into donor concentrations, 
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it is necessary to know the electron mobilities as 
a function of donor concentration. The mobility 
values employed are shown in Fig. 1 and represent 
an average of our determinations, those of DEBYE 





A M.B. PRINCE (DRIFT) 
@ DEBYE & CONWELL (HALL) 
gs THIS WORK (HALL) 

25°C 








IN OHM-CM 


RE diSTIVITY 





0°01 
0:008 





0-006 + + + + | 


| 


3400 3800 





0:004 
1400 





1800 2200 2600 3000 
ELECTRON MOBILITY IN CM2/VOLT-SEC 


Fic. 1. Relation between resistivity (25°C) and mobility 
used to calculate electron (donor) concentrations. 


and CoNWELL'®) and of PRiNcE”9), The maximum 
error in mobility is about 5 per cent. No attempt 
has been made to correct Hall mobilities to drift 
mobilities since, for low fields .#/ is very nearly 
unity. 

The Hall coefficients of a number of samples 
have been measured as a function of temperature. 
It is found that the donors formed after annealing 
to equilibrium are essentially fully ionized at room 
temperature. A detailed account of this work will 
be given in a separate article. 


D. Determination of equilibrium donor concentra- 
tions 
In order to be sure that true equilibrium values 
for the donors are measured, it is necessary to 
follow the changes in donor concentration with 
time of annealing. It has been found that the 
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donors saturate with time and that the saturation 
(equilibrium) values decrease markedly with tem- 
perature.) A series of curves of this kind for a 
crystal containing 3-6 x 10!” cm~* oxygen is shown 
in Fig. 2. However, the behavior, depending on the 
oxygen content and particularly upon the annealing 
temperature, is often less simple. It is found for 
example that after sufficiently long reaction times 
the donors always decrease. This occurs more 
rapidly at the higher temperatures (above 470°C) 
especially for the higher oxygen concentrations. 
Observations of this kind are expected at high 
temperatures where oxide precipitation occurs. 
In fact the formation of a precipitated GeOge 
phase and a corresponding decrease in oxygen in 
solid solution has been observed by optical means. 

Of more concern is the formation of a maximum 
followed by a plateau. Such a behavior has also 
been noted in Si containing oxygen? and is shown 
for Ge containing oxygen in Fig. 3. A crystal with 
6-0 x 1017 atoms/cm~* of oxygen was annealed at 
500°C. A maximum prior to a lower plateau is 
clearly shown. Evidence that the plateau is an 
equilibrium concentration was obtained by an- 
nealing a similar sample at 472°C for 25 min, at 
which time a considerably higher donor concentra- 
tion had been formed than in the crystal annealed 
at 500°C. When the temperature was raised to 
501°C, the donor concentration fell to a value 
approximately the same as found in the crystal 
annealed at 500°C, as shown in Fig. 3. 

Similar procedures were employed to determine 
the positions of the equilibria for annealing tem- 
peratures above 500°C. Because of the maxima 
mentioned and the loss of oxygen into precipitate 


aggregates, which occurs more rapidly as the tem- 


perature is increased, the equilibria for the higher 


temperatures are not as precisely determinable as 
those for the lower temperatures (below 500°C). 


III. RESULTS AND DISCUSSION 

The results of the determination of the donor 
equilibrium concentrations at the different tem- 
peratures are shown in Table 1 for all of the oxygen 
doped crystals. If it is assumed that a donor 
containing 4 oxygen atoms comes to equilibrium 
with dissolved oxygen atoms, the relationship 
between the donor concentration, D*, 
measured at room temperature, and the equili- 
brium oxygen concentration, N, can be expected 


ionized 
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DONOR EQUILIBRIA 
AT VARIOUS T'S 
3-6 x 10'7 cm? O 





350 °C (HRS) 








Increase in 


470°C 


containing 


and 500°C 
4-0 » 


to be given by the following equilibrium expression 
when the solid solutions are very dilute. 


D 
4 


constant (3) 


Equation (3), however, is correct only as long as 
the concentration of the donor, D*, is much less 
than the concentration of intrinsic electrons, m;, 
at the equilibrium temperature. This condition 1s 
not met, however, for a number of the samples 
studied, as can be seen by comparing D* with n; 
11) in Table 1. 


the charge balance relationship and the electron 


as a function of temperature From 


hole equilibrium, a corrected equation is obtained 
+ (D*2+ 4n;?)1/] 
rN 


K 


Since the concentration of oxygen atoms is the 
difference between the original oxygen concentra- 
tion, No, and the oxygen contained in the donor 


ion, D 


, equation (4) becomes 
D*{D 
2(.No 


+ (D*244n?)12] 
4D*)A 


(5) 


Equation (5) has been tested in the following 
manner. It is first noted that the measurements 


donor concentration 


101? cm 


120 140 
OR HOURS 


time of anneal 
Ge 


} dissolved oxygen 


with 


for a crystal of originally 


on the crystals annealed at 350°C indicate that 
practically all of the oxygen has been converted to 
a donor ion containing 4 oxygen atoms. Fig. 4 is a 
plot of the equilibrium donor ion concentration at 
x 10'6 
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6-0 x 10'? cm? O 


Fic. 3. Equilibrium position at 500°C for a Ge crystal 


containing 6-0 x 10!7 cm~ oxygen. The upper curve was 
obtained by reacting initially at 472°C to produce a 
concentration of donors in excess of the equilibrium 


concentration at 500°C. 
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CONCENTRATION AT 350°, (CM73) 


EQUILIBRIUM DONOR 





20 40 60 80 100 120 
3) 


ORIGINAL OXYGEN CONCENTRATION, (CM~~) 


Fic. 4. Plot of equilibrium donor concentration at 350°C 

vs. original oxygen concentration as determined by 

infra-red absorption for crystals given in Table 1. 
The line is drawn to have a slope of 1/4. 


350°C as a function of the total oxygen concentra- 
tion in the crystal as measured by infra-red ab- 
sorption (calibrated by vacuum fusion gas analysis). 
The line through the points is of slope 1/4. This 
is the behavior predicted from equation (5) if K 
is a relatively large number. It is not possible to 
obtain a value of K from the measurements at 
350°C, since the term (No—4D*), which is very 
sensitive to experimental error, occurs in the de- 
nominator of equation (5). At each of the other 
temperatures, however, the experimental measure- 
ments can be used to obtain values of K. 

It is believed that it is possible to obtain a better 
evaluation of No by using the electrical measure- 
ments on the 350°C annealed samples as a measure 
of the oxygen concentration rather than the infra- 
red absorption measurements. The absorption 
measurements were not made on the same samples 
as those used for electrical measurements, but on 
samples lying adjacent to these samples in the 


same crystal. The scatter of points around the line 


of slope 1/4 in Fig. 4 is believed to arise from 
differences in oxygen concentration arising from 
small inhomogeneities in the crystal. Column b of 


20 


GERMANIUM-OXYGEN SYSTEM 305 
Table 1 gives the corrected values of the oxygen 
concentration which were used to obtain equili- 
brium constants. 

In Fig. 5, the various values of 2K at each tem- 
perature have been plotted as a function of 1/7. 
Both the spread and distribution of points are 
shown. A line given by the following equation has 
been drawn through the data. 

15560 : 
= JIS 

T 

An average value of the equilibrium constant has 
been obtained from equation (6) at each of the 


log 2K (6) 


N DEGREES KE 
400 


TEMPERATURE 
500 450 








——___—___—_—_—_}+——_ 








Fic. 5. Semi-log plot of twice the equilibrium constant, 
2K, vs. reciprocal of absolute temperature. The vertical 
lines and points show the range and distribution of 
values calculated from data of Table 1 using equation 
(5). The line’ corresponds to _ the 
= 15560/T—55-38. 


equation, 
log 2K 
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experimental anneal temperatures and the re- 


donor ion concentration 
has been 


lationship between the 
calculated 


concentration 


C 
5 


and oxygen 


). These calculated curves are 


¢. 6 where it is seen that a reasonably 


lonor concentrations at various 
ed on the figure) plotted against 
The taken 


are calculated (equation 5) 


see text data are 
Che curves 
K corresponding to each temperature 


1 from the line in Fig. 5. 


good fit to the data has been obtained. This fit 
suggests that oxygen atoms dissolved in solid Ge 
come into equilibrium with a 4 oxygen atom com- 
plex which is also in solid solution. ‘The magnitude 
and its temperature 


of the equilibrium constant 


dependenc« should give additional information 
about this reaction. 

The equilibrium constant K is related to a stand- 
ard heat of reaction, AH®, and a standard entropy 


by the following relationship. 
AH® AS® 
4:575T 4-575 


2 log Nz (7) 


In this expression, Nz is the number of german- 
ium atoms per unit volume in pure Ge and is 
4-45 >» 3. It follows that AH® = 


10°* atoms cm 
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—71kcals per 4 oxygen atoms and AS® = —48 
entropy units per 4 oxygen atoms. 

It may be asked whether these values of AH® 
and AS® are reasonable for the reaction being con- 
sidered. It will now be shown that the magnitudes 
of these two numbers, especially the value for AS®, 
are larger than is to be expected for this reaction. 
This conclusion suggests that we do not as yet 
have a complete understanding of these solid 
solutions and additional work will be necessary 
before this is achieved. 

The model considered here envisages an oxygen 
atom bound to two adjacent Ge atoms when it is 
in the atomic state as in the oxygen-silicon system. 
When the 4 oxygen atom complex forms, it would 
be reasonable to suppose that around a particular 
Ge atom, 4 oxygen atoms disrupt the 4 normal 
Ge-Ge bonds. Thus, each oxygen atom is bound 
to one common Ge atom and to one other Ge atom. 
This reaction requires 4 Ge—O bonds of one type 
to be broken and 4 Ge—O bonds of another type 
to be made. The value of AS® to be expected for 
this type of reaction is around zero, rather than 
the —12 e.u. per oxygen atom we find experi- 
mentally. 

The heat of the reaction, AH®, can be estimated 
by using the temperature dependence of the 
solubility of oxygen in germanium, AH*, which 
is 27-6 kcal or 1:2 eV. If it is assumed that the 
Ge-O bond in the GeO, complex is no stronger 
than the Ge—O bond in GeQs (glass) it can be 
shown that —AH® would be expected to be less 
than 2(1-:2) or 2-4 eV. The experimental value of 
3-1 eV is appreciably larger than this. 


IV. COMPARISON WITH Si 

Because of the much slower rate of reaction in 
oxygen-doped Si crystals, equilibria of the kind 
discussed above are difficult to establish except 
at temperatures so high that only small donor 
concentrations exist. As has been pointed out) 
donor generation in oxygen-doped Si is much less 
at the same temperature than in Ge containing 
the same amount of oxygen. For example at 450°C, 
Si containing 1018 cm-* oxygen generates a maxi- 
mum of about 2 x 1016 cm-3 donors®) compared to 
an estimated 2:5 x 1017 cm-% donors for a similar 
Ge crystal. In other words, in spite of a much 
lower intrinsic electron concentration, the genera- 
tion of donors, as measured at room temperature 
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is much less in the case of Si. Furthermore, it 
does not appear possible to explain this difference 
as being due simply to a difference in the ionization 
energies of the donors in the two cases. Both 
infra-red absorption?) measurements and Hall 
measurements!) show levels for the donors in Si 
which lie in the range 0-03 to 0-06.eV. Likewise 
the behavior of these donors in p-type Si is such 
as to suggest that deeper ionization levels are not 
present. Both the rate of generation of donors and 
the equilibrium constant are very much smaller 
for Si than for Ge. Because, however, the position 
of the equilibria in Si are very difficult to deter- 
mine, a quantitative comparison over a temperature 
range is not as yet possible. 


VI. SUMMARY 

An investigation of donor equilibria resulting 
from the reactions of oxygen in Ge crystals of 
known oxygen concentrations has been made. 
The oxygen concentrations studied varied from 
0-9 to 12-0 x 1017 cm-3 as determined by infra-red 
absorption. Reaction temperatures ranged from 
325°C to 560°C. Donor concentrations were de- 
termined by quenching the reactions to 25°C and 
measuring resistivity. Hall effect determinations 
showed that the donors formed are essentially 
completely ionized at 25°C. 

The results show that the intrinsic electron 
concentration is an important factor in the position 
of the donor equilibrium. A mass-action treatment 
including the hole-electron equilibrium enables a 
quantitative expression to be deduced for the 
equilibrium constant. Calculations based on this 
expression agree well with the experimental 
results for temperatures below 500°C, giving 
support to the GeO, model. At higher tempera- 
tures the reactions become more complicated as 
evidenced by the formation of the maximum in 


Fig. 3. As a result the equilibrium concept dis- 
cussed in equations (1) to (5) should be considered 
only an approximation (see Fig. 6 for T > 500°C). 

A comparison of the results with those observed 
in Si shows a very close similarity suggesting that, 
although the reactions are about 500 times slower 
in Si and much lower equilibrium donor concen- 
trations exist at comparable temperatures, never- 


theless the reaction mechanisms and donor 


structures must be essentially the same in the 
two Cases. 
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I yn of neutrons inelastically scattered from magnetite is analyzed 


Abstract—The angular distributi 


tor temper: 


itures in the neighbourhood of the Curie temperature. The breakdown of the spin wave 


theory in this temperature region reported earlier by Ruste et al. (J. Phys. Chem. Solids 9, 153 (1959)) 
| ed. Values of the parameters characterizing the critical fluctuations are deduced from the 


IS G1ISCUSS 
ex] 
Solids, 13, 10 (1960)). Some quantitative 
braking of the fluctuations, :< 


diffusion constant A, is derived. 


I, INTRODUCTION 
TuIs PAPER is the third in a series dealing with the 
magnetic neutron scattering from FegQ0,4. In the 
first paper”) (hereafter referred to as I) the 
magnetic Bragg reflections were found to decrease 


in a way following approximately the behaviour of 


a Brillouin function. The decrease in the elastic 
intensity was accompanied by a simultaneous in- 
crease in the inelastic intensity, the latter com- 
ponent giving diffuse peaks in the 


neighbourhood of the magnetic Bragg reflections. 


coherent 
In the second papel 2) (hereafter referred to as 
11) it was shown that the diffuse peaks could be 
ascribed to spin wave scattering over a considerable 
range of temperatures and angles. The strong 
increase in the intensity of the diffuse peaks when 
approaching the Curie temperature from either 
side, was explained by VAN Hove) as being due 
to the strong increase in the fluctuations of the 
The 


scattering on these fluctuations is called critical 


magnetization in this temperature region. 

scattering and is the main subject of this paper. 
The theoretical work by VAN Hove has been 

MarsHaLL™) and by 


extended by ELLiotr and 


DE GENNES"), The theoretical work has formed 


* Work sponsored jointly by Institutt for Atomenergi, 
Norway, and Reactor Centrum Nederland, the Nether- 


lands. 
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aspects of the 


yeriments and compared with theoretical predictions by DE GENNES and VILLAIN (J. Phys. Chem. 


scattering indicate that kinematical 


is predicted by the latter authors, may exist. A tentative value of the 


the basis for the analyses of several experiments 
on iron by Gerscu et al.), by Ericson and 
Jacrot’? and by Lowpe®), 

The spin arrangement in magnetite is rather 
complicated. In view of the experimental results 
to be discussed below, DE GENNES and VILLAIN"? 
undertook a study of the whole problem of mag- 
netic inelastic neutron scattering from crystals of 
composite spin arrangements, with special con- 
sideration to the case of magnetite. Our analysis 
will be based mainly on their paper. 

The theory will be briefly reviewed in Section 
2. Section 3 gives the experimental technique. 
The experimental results will be given in Section 
4 and discussed in Section 5. 


2. THEORY 

It is now a well-established experimental fact 
that magnetic diffuse peaks exist in the neutron 
diffraction pattern from magnetic substances. 
Van Hove®) has shown that these peaks are due 
to fluctuation of the domain magnetization from 
its temperature average. ‘The temperature average 
itself is easily observable as the elastic magnetic 
Bragg peak, it is unequal to zero only for T < Te. 
The calculation of the fluctuations is a statistical 
problem and an analysis of the diffuse scattering 
may conversely give information about the 
statistical properties of the system of magnetic 
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spins. The scattering in the diffuse peaks is co- 
herent and must be due to correlated fluctuations 
of spins on different sites. If So(0) denotes the 
spin at the origin at time zero and S§p(t) the spin 
at position R at time ¢, the relevant function, in 
terms of which to discuss this problem is 


y'(R,t) = So(0) ° Sr(t)> ~- So . : ? (1 ) 


It gives the fluctuating part of the spin correlation, 
i.e. the deviation from its asymptotic value. ‘The 
last product gives the elastic Bragg scattering, for 
T > Tc these terms are equal to zero and all the 
intensity is found in the diffuse peaks. The neutron 
scattering due to y’(R,f) is in general inelastic, but 
under critical conditions, i.e. for temperatures 
close to Tc, the inelasticity becomes weak. ‘Thus 
the time dependence of the function and the energy 
changes in the scattering may be neglected. It is 
convenient to start our review of the theory with 
the simplest case, the paramagnetic temperature 


region. 


Ay fT = Le 

It was shown by vAN Hove") that under critical 
conditions the correlation function for a simple 
ferromagnet takes the form 


y'(R,0) = _ S(S+1)exp(—«1R) (2) 


mY) 


r, gives the intensity and «;~! the range of the 
fluctuations. vp is the volume per magnetic atom. 
DE GENNES"®) has shown the following con- 
nection with the susceptibility: 
X(x) 
S(S+1) (3) 


P So + Sr> exp(7*R) - 
AQ 


R 


X(%) is the wavelength-dependent susceptibility 
giving the response of the spin system to a field 
of wave vector x*. Xg is the paramagnetic 
susceptibility in the absence of the exchange 
interactions. This gives readily 
Xo 
(xin)? = (4) 
x(0) 
Further, since the scattering cross section is 
the Fourier transform of the correlation function, 
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one obtains: 
do 


a 


a 


X(x) 
) S(S+1)| F(x)? — (5) 


2 
is | 1:91 
3 mc2 Xo 


fluct 


F(«) is the magnetic form factor. For * close to a 
reciprocal lattice vector 27 one may expand 
“—2nt 


X(%) in series of to obtain 


do 


| aQ fluct 
(6) 


In their extension of the formulae above to 
more complicated spin arrangements, DE GENNES 
and VILLAIN) have introduced the susceptibility 
tensor X;;(%) where z and j denote the spins at 
position r; and r; in the unit cell. «;~1! has as before 
the meaning of a correlation range and is a constant 
for the crystal, 7; will on the other hand depend 
on %. Equation (4) will then take the form 


(7) 


and the cross section formula corresponding to 


(6) reads 


ado 


a) 


is the number of sublattices. 


T Tr, 

If the z-axis is chosen along the direction of 
magnetization, we now have to distinguish the 
susceptibilities and correlations in the different 
spin components: ¢, 7 Instead of 
formula (5) we get 


2 keT 


da e- 


(0 rat ar 


mc?! 2°R" 
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The factor in the brackets shows that the cross 
section depends on the direction of the mag- 
netization relative to the scattering vector. In the 
same way as for J > Tc one may expand X;;(%) 
in terms of constants 7; and xj, x; will however 
depend upon the direction of propagation of the 
fluctuations relative to the magnetization. 


C. Calculation of r, and x 

DE GENNES and VILLAIN'’) have given a method 
for performing the expansion of yi;(%) which is 
applicable also in the case of complicated spin 
arrangements. Their method is based on a local 
form of the molecular field theory. In the calcula- 
tions on magnetite they used the interactions 
which were deduced by NEEL"®) from suscepti- 
bility measurements. If A and B denote the ions 
on tetrahedral and octahedral sites, respectively, 
integrals deduced 


the values of the exchange 


by NEEL were: 
Jaa 
Rp 
(10) 


The calculations on (111), the predominant 
magnetic reflection, yielded the following results: 


2-444 
yi 


for T >Te: 7; 


T 
()-494 


and Ki 
for T 
and Ke == |- A- (12) 


A closer examination of their calculations shows 
that the results of equations (11) and (12) are in- 
dependent of the relative strength of the 4A and 
AB interactions. 

It is also possible to perform a separate calcula- 
tion of Ky following a method which has been 
used for «%-FeoO3"1). In the case of 7 > Tco we 
obtain 

Ke = 0-78 A-2 (only AA interactions 

counted) 


-2 (AB interactions) (14) 


(BB interactions) (15) 


= ()-62 A-2 


The molecular field calculations furthermore 
gave the general results that the range of the 
transverse fluctuations is infinite, i.e. «1, = 0. 
The Bethe—Peierls-Weiss method provides a 
different statistical method for calculating rj and 
x1,“ this method is, however, not applicable to 
magnetite. The first calculation by ELLIoTr and 
MarsHALL™) yielded a finite range of the trans- 
verse fluctuations. It gave in fact k,z; > K1z. 
DE GENNES has informed us that there is an error 
in their calculation, when corrected the BPW 
method also gives x}; = 0. 


D. The time-dependence of the fluctuations 

Up to this point we have left the time-dependence of 
the fluctuations and the associated inelasticity of the 
neutron scattering out of consideration. The most ex- 
tensive exposition of this problem is found in the work 
by DE GENNES and VILLAIN‘®) and the following is a short 
review of their results. 

The problem is conveniently discussed in magnetiza- 
tion space. We consider the case where we have two sub- 
lattices with magnetization M, and Me respectively, 
as illustrated in Fig. 1. 


Fic. 1. Diagram used by DE GENNES and VILLAIN (Ref. 
9) for discussing time dependence of spin fluctuations 
in ferrimagnet of two sublattices. 
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When T > Tec the point of equilibrium is at the 
origin. If a fluctuation has brought the point which re- 
presents the physical system to Pi, the point afterward 
tends to move along the line M,+Me2 = constant, since 
the total magnetization is a constant of the motion. 
The representative point will move towards the point 
P2 which corresponds to a minimum of the thermo- 
dynamic potential. Superimposed on this movement 
there is a drift towards the origin. This drift is braked 
by amotion along the family of lines Mi+Me2 = const., 
the latter motion itself is, however, not braked. In this 
way there will be two components in the fluctuations: 
a rapid one, corresponding to transfer of magnetization 
between the sublattices, and a slow one, corresponding 
to a quenching of the magnetization over long distances. 
The two components give rise to inelastic and quasi- 
elastic scattering of neutrons respectively. The scattering 
near a reciprocal lattice point will now correspond to a 
certain combination of the sublattice magnetizations 
given by the structure factor. In a simple ferromagnet 
the structure factor of any reflection is proportional to 
the magnetization and the scattering is quasielastic. In 
the ferrimagnetic case, when 70, the structure 
factor can be decomposed in two parts: one part which 
is proportional to the magnetization and one part which 
is proportional to the difference between the sublattice 
magnetizations. In ferro- and ferrimagnetic structures 
we therefore expect to find a kinematical 
braking of fluctuations with wave vectors close to 277. 
It gives scattering with momentum distribution given 
by formula (6) and frequency (or energy) distribution 


so-called 


for any g given by 


' Aig? 
pw) = (16) 
w"*+Arg 


(q = |x—27t}) 


which contains A1, the diffusion coefficient of the mag- 
netization. 

When the temperature approaches Tc, there is also 
a slowing down of the relaxation which is called thermo- 
dynamic braking. It is due to the fact that certain 
ordered configurations are nearly stable in this tempera- 
ture region, leading to short range order. The effect on 
A; is to make it approach zero, this has also been esta- 
blished experimentally by Er1cson and Jacror ?). The 
thermodynamic braking is effective even in antiferro- 
magnets where the kinematical one is completely absent 

At the same time as A; —> 0 theory predicts that also 
«x, — 0. The critical scattering should therefore be found 
close to the reciprocal lattice points and be characterized 
by small energy and momentum transfers. 

The cross section formula (6) has to be supplemented 
by formula (16) if it is to give also the energy distribution 
of scattered neutrons. It is, however, not necessary to 
assume that all the scattering is elastic in order to 
arrive at (6). It is sufficient to make the assumptions 
that the energy and momentum transfers are small and 
independent of each other and further that the frequency 
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spectrum has a Lorentzian form as given by (16). The 
integration over w will then give only a constant factor 


in the cross section formula. 


3. THE EXPERIMENTAL TECHNIQUE 

The technique was described in detail in II. 
It consists of taking a vertical survey of the peak 
while keeping the crystal angle of misset (@— 6 ) 
constant. This technique is particularly well 
suited for the spin wave region in which it was 
found to yield results consistent with direct ob- 
servations of the energy exchange.(2-12) At any 
missetting we could then pick out the inelastic 
component with a rather well defined energy 
transfer hw determined by 6—6z. As long as the 
spin wave approximation is valid this technique 
also means selecting scattering by spin fluctuations 
with wave vector * = 277+ q where gis connected 
with w through the spin wave dispersion relation. 
Fig. 2(a) shows the well known reciprocal lattice 
construction for this The existence of a 
scattering surface of this type for the spin wave 


case. 


case may be said to be well established. 


Fic. 2. Reciprocal lattice constructions for diffuse 
neutron scattering (a) in spin wave region 


Curie temperature. 


At high temperatures the spin wave picture 
breaks down and our experimental method is not 
able to assess the situation. Theory predicts that 
at T¢ the picture is almost certainly as in Fig. 2(b). 
There is no dispersion relation which connects 
transfers and we may 


momentum and 


therefore have the situation depicted with zero 


energy 


energy transfer and non-zero momentum transfer. 


In cases where the scattering is inelastic and 
the angular width of the observable peak is not too 
wide, it seems reasonable to assume that at a certain 
value of @— 6z we are still selecting scattering which 


goes with a mean energy transfer given by this 
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setting. When making observations near the wings 
of the peak, the selection of momentum or wave 
vector for the fluctuation doing the scattering is 
also quite good. It thus seems that one should 
obtain pg(w) by making observations at a certain 
angle of latitude near the wing of the peak for 
several values of 6—O@p. 

The measurements were all made on single 
crystals of magnetite, FegO4. Further details about 
samples and the way of mounting them are given 


in IT. 


4. EXPERIMENTAL RESULTS 


First we want to give some qualitative aspects of 


the scattering. In Fig. 3 the intensity integrated 


over the diffuse peak has been plotted for several 


settings of the crystal and over a wide temperature 
range. The experiments which led to these curves 


also showed that in the critical region the peak 


width increased linearly with the angle of misset. 
Thus we have found that critical scattering is most 


* 


EMPERATURE 


200 ac 600 800 000 


Fic. 3. Diffuse scattering cross section integrated over 


scattering surface as a function of temperature, as ob- 


served for different settings from Bragg position otf 


crystal. 


predominant for small momentum and energy 
transfers. When approaching 7 from above, the 
diffuse peak width was strongly decreasing, this 
may be interpreted as an increase in the dimensions 


Fic. 4. 
strumental broadening, plotted vs. crystal setting. Curve 
plotted from formula (18) in text with «1 = 0. 


Diffuse peak maxima, after correcting for in- 


of the fluctuating regions. In this way the curves 
the 


observations on the peak widths, indicate that as 


in Fig. 3, together with above-mentioned 
T¢ is approached, there is an increase both in the 
relaxation time and the correlation range of the 
fluctuations. ‘Thus our observations support the 
qualitative predictions given by VAN Hove®). 
We shall now proceed to a quantitative analysis 
of the critical scattering and start with the ex- 
perimental results at the Curie temperature. 


A. T= T% 

At this temperature theory predicts zero values 
of A; and «x; so that the wave vectors of scattered 
neutrons have to end close to the sphere of re- 
flection, as shown in Fig. 2(b). The intensity in the 
peak maxima will depend on the crystal missetting 
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Fic. 5. 
diffuse peak maxima at 0—6z 


MAGNETIC SCATTERING OF 


Experimental values of 
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from 
4° and theoretical values calcu- 


parameter *; deduced 


lated from molecular field theory, taking indicated interactions 
into consideration. 


according to 
do 
dQ 


This formula is easily obtained from equation (6) 


(17) 


~ [Ki +47°7°(0— 6p?) 


and is deduced for the case of a monochromatic 
beam incident upon the crystal. In the case of a 
white incident beam, as was used in the present 


case, one may easily show that the intensity in the 
peak maxima will be given by 

o5 990 .9 ‘ y ' 

Tmax ~ [x +42°7°(0—6p)*] 1/2 (18) 

In Fig. 4 we see that the observed intensity dis- 

tribution, when for instrumental 

broadening of the peaks, has indeed such a simple 


(0+0-01) A. 


correcting 


behaviour and gives x} 


ac 


Fic. 6. Width of diffuse peaks due to transverse fluctuations observed at 


6—Op = 10 > 


after correcting for instrumental broadening, plotted vs. 


temperature. 
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tion of same diffuse peaks as in previous figure. 


tensl 


ty at } 3 4 corresponds 


(8-6 0-5) barns (sterad atom) 


formula (0d) 
which is consideral 


al value of 2°42 A 


variation of 
1 r-(Tc) > 
F 


ing to formula (18) derive 


ects the t mperature 


1 
predictec to be as 7 


TcT-1, one may accor 


} 


the temperature behaviour of «x; from the tempera- 


ture variation of the peak maximum for a fixed 


crystal setting. The deduced values of «*, which 


are shown in Fig. »), are seen to have the pre dicted 
ar behaviour, but with an appreciably lowe! 


In I] it was found th: { the diffuse int nsity could 


be 1 by means of spin wave theory over a 


range 


{ 1 : : 
of temperatures. Fluctuations 


the transverse (i.e. x and y) spin components, 


of which spin waves are a special case, may be 


observed in isolation by magnetizing th 


€ crystal 
along the scattering vector. This is readily seen 
from formula (9) because with this direction of the 


magnetic field the factor in the brackets is equal 


2(w) [exp(hw RpT) 


to 4/3 for the tr 


zero for the longitudinal (z) component. Figs. 6 


ansverse components, but equal to 


observed variation 


of the width and intensity respectively of diffuse 


and 7 give the temperature 


peaks at 6—Oz 10° which are due to transverse 
spin fluctuations. Fig. 6 shows that “something”’ 
is happening to the spin waves which makes the 
peak broaden out. Recalling from II the con- 
nection between the peak width and the effective 
exchange integral (J), it might simply mean a 
decrease of J which should then vary as the inverse 
of the peak width. ‘This would, however, affect 
g(w), the number of quantum states corresponding 
to the frequency w. A simple calculation gives 
g(w) ~ J~**. The associated temperature variation 
of scattered neutrons, being proportional to 
1]-1, should then be as the 
in Fig. 7. 


intensity component due to the longi- 


dotted curve 

The 
tudinal fluctuations is derived by subtracting the 
transverse component from the total intensity. 
Fig. 8 shows an example of such a decomposition. 
If we should derive x,z by the same procedure as 


for T 


perimental broadening. The shape of the longi- 


- Tc, we would have to correct for ex- 


tudinal curve is, however, rather poorly estab- 
neglect the 
variation of the peak width and 


lished, and we have preferred to 
temperature 
compare the integrated intensity with the cal- 
culations on differential cross sections. Fig. 9 


gives our experimental points and a theoretical 
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Fic. 8. Decomposition of diffuse peak (a) 9-08 = 4° 
and T = Tc—50° into peaks due to transverse (b) and 
longitudinal fluctuations (c). 


curve calculated by DE GENNES and VILLAIN"). 
The normalization to the same values at J7¢ is 
arbitrary. 


D. The time dependence of the fluctuations 

The analysis of the critical scattering has so far been 
in the static approximation, i.e. the energy change has 
been neglected. At the end of Section 3 we have 
suggested a method for obtaining the frequency dis- 
tribution pg(w) for a wave vector g which gives scattering 
near the wing of a diffuse peak. Some observations at 
a counter angle of ~ 3° from the maximum of the diffuse 
peaks, corresponding to g ~ 0:23 A-!, are shown in 
Fig. 10. It is seen from Fig. 8 that all the experimental 
points fall approximately on the same Lorentzian curve, 
corresponding to a value Ai; = 7°5 x 10-* c.g.s. Using the 
formula given by DE GENNES‘) for a paramagnet of 
simple cubic structure taking only the AB interactions 
into account, we obtain a theoretical value of 5-6 x 107°. 
We see that Ai is independent of temperature in the 
region of observation, indicating that fluctuations of 
this wave vector are not subject to thermodynamic 
braking. Kinematical braking is on the other hand active 
so as to make the diffusion approximation valid. The 
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presence of the strong critical scattering for wave vectors 
close to 277 is, however, highly suggestive of thermo- 
dynamic braking. 


5. DISCUSSION 

The general picture of the temperature variation 
of the intensity is in agreement with the theoretical 
predictions, as explained in the beginning of the 
previous section. We may distinguish between 
two temperature regions for the spin fluctuations, 
in one of them spin waves dominate and in the 
other critical fluctuations. The transition region 
is the most difficult one to explain. 

When comparing Figs. 6 and 9, it looks as if the 
onset of longitudinal fluctuations coincides with 
a perturbation of the spin waves of the same vector. 
Results of the same kind were observed at @—@z = 
4°. If we define the critical region as the one where 
longitudinal fluctuations occur, then Fig. 14 in 
II implies that the transition temperature between 
the two regions is dependent upon the wavelength 
of the fluctuation. Why this is so is not understood. 


Integrated diffuse peaks due to longitudinal 
spin fluctuations at 0—@g = 10°, compared with differ- 
ential cross section at same setting. Values arbitrarily 
normalized to coincide at Tc. 


Fic. 9. 
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). Observed frequency distribution of spin fluctua- 


wave vector g = 0:23 A~! for different tem- 
ared with Lorentzian curve, as given by 


formula (16) in text 


Our experiments can give some information 


about the behaviour of spin waves in the critical 


region. Fig. 6 indicates that the spin wave fre- 


quency decreases as the Curie temperature 1s 


approached. If the one-to-one corre spondence 
between frequency and wave vector 1s preserved, 
upper 


Since the intensity falls below, 


the cross section should behave as the 


curve in Fig. 7. 
we conclude that the one-to-one correspondence 
is destroyed and that a mixing of the energy states 
Thus the fluctuations of the transverse 
not fully 


must occur, 
components of the magnetization are 
described by spin wave theory in the critical region. 

In the paper by DE GENNEs and VILLAIN) it 
was predicted that the frequencies of the different 
spin wave modes should decrease roughly as the 
spontaneous magnetization. Such a decrease of 
the frequency does in fact lead to a curve which 
The 


decrease of the magnetization also determines the 


is qualitatively in agreement with Fig. 6. 


intensity of the longitudinal fluctuations. This 
makes one understand why the onset of longitudin- 
al fluctuations coincides with the perturbation of 
the spin waves. The problem why the different 
spin wave modes behave differently remains un- 
solved, however. 

Our experimental values of 7; and «x, deviate 
markedly from the calculated ones. Their product 


(71«1)°ops = (3° 


does on the other hand agree favourably with the 


calculated value 


(7 1*] oa le 


VILLAIN. The latter 
value is consistent with susceptibility data. The 


given by DE GENNES and 
discrepancy of 7; and x; could mean that the basic 
equation for the molecular field calculations, which 
assumes a linear relation between the moment on 
one site and the moments of the surrounding 
atoms, is a poor approximation. It is unlikely that 
the discrepancy should be due to the fact that we 
make use of formulae which are given in the static 
approximation. To make this approximation valid 
it is not necessary that the scattering is elastic, 
that 
distribution. 


it is sufficient the frequencies have a 
Lorentzian The latter distribution 
seems justified from the data on iron by ERICSON 
and Jacror 

In Ref. (11) it is concluded that the predicted 
kinematical braking of the fluctuations in Fe,;O,4 
must be the reason why the diffuse peaks are 
broader than the corresponding ones in «-Fe2QO3. 
As to the experimental value deduced above for 
\j, the value leans heavily on the correctness of 
the experimental method and should be regarded 
only as tentative. The agreement with the Lorentz 
curve in Fig. 10 may be fortuitous and should 
be checked by direct observation of the energy 
changes. 
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Abstract 


Diffuse scattering experiments on neutrons in «-Fe2O3 are found to reveal the linear 


dispersion relation for antiferromagnetic spin waves. The spin waves propagate with a velocity of 


3-8 x 10® cm sec™!, 


corresponding to a value of —3-5 x 10-3 eV for the strongest exchange integral. 


The spin fluctuation scattering in the critical region agrees with calculations based on a local form of 


molecular field theory. 


I, INTRODUCTION 
IN RECENT years neutrons have proved to be very 
useful when investigating elementary excitations in 
solids and liquids. The thermal neutrons obtainable 
from nuclear reactors turn out to have the right 
energies and momenta for such investigations. 
In magnetic inelastic scattering the technique has 
developed along two lines. When the intensity 
is adequate one performs a direct energy analysis 
of the scattered beam,) otherwise one makes 
geometry of the coherent 
The former method 


observation on the 
inelastic diffraction peaks.) ’ 
is of course in general superior, but the latter 
method has proved to be adequate in the spin 
wave region. 

In the discussion of magnetic neutron scattering 
it is useful to introduce the spin correlation 
function, a concept which VAN Hove) has defined 


by the relation 


(Rt) = <So(0) + Sr(t) (1) 


It expresses the directional correlation between 
a spin at the origin at time zero and a spin at the 
position R at time ¢t, averaged over the thermal 
distribution. 


* A smaller part of the present work was published 
in Nature 185, 450 (1960). 

t+ On leave from the Institute of Nuclear Research, 
Krakow, Poland; now back there. 

t Work sponsored jointly by Institutt for Atomenergi, 
Norway, and Reactor Centrum Nederland, the 
Netherlands. : 


The correlation function expresses the coopera- 
tive properties of the spin system and is therefore 


particularly useful when making observations on 
coherent neutron scattering. In order that an 
array of spins shall give coherent magnetic scatter- 
ing, it is necessary not only that the spins have 
ordered positions, but also that their directions 
are ordered. 

In ferro-, ferri- and antiferromagnetic substances 
the ordered alignment exists over regions or do- 
mains which are large on an atomic scale. The 
average long range order of a domain is easily 
observed from the magnetic Bragg reflections and 
may be expressed by the asymptotic part of the 
correlation function: (oo, ¢). In an antiferro- 
magnet it is convenient to consider the correla- 
tion between spins within the same sublattice, 
its asymptotic part is proportional to the square of 
the sublattice magnetization. ‘The temperature 
variation of the sublattice magnetization, a quantity 
which is otherwise hard to observe, is easily ob- 
served from the antiferromagnetic Bragg re- 
flections. The decrease of the sublattice magnetiza- 
tion, when going from lower temperatures to the 
Néel point, is a consequence of the natural 
tendency towards disorder as the temperature is 
raised. The competing tendency of antiferromag- 
netic order as a result of the still existing exchange 
interactions is, however, at the same time active. 
At any time there is then a statistical chance of a 
spin order deviating from the temperature average. 
The excursions or the fluctuations of the sublattice 
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magnetization in a domain from its average value 
reach a maximum at the Néel temperature and 
give rise to the critical scattering. The fluctuations 
are in general of short or intermediate range, 1.e. 
confined to a fluctuating region of finite di- 
mensions, and give diffraction peaks which are 
more diffuse than the sharp Bragg reflections. 

If one only asks about the range of the correla- 
tion, it is sufficient to consider the spatial part of 
the correlation function and leave the time depend- 
ence out of consideration. Since the time depend- 
ence of the correlation function is intimately 
connected to the energy changes in the scattering, 
a slow time dependence of the correlation function 
results in quasi-elastic scattering. If one neglects 
the energy changes in the scattering, the so-called 
elastic approximation is applied and information 
about the correlation function is obtained in the 
static approximation. 

Experiments of this type on antiferromagnetic 
crystals have earlier been performed only in the 
so-called critical region,“ i.e. near the Neéel 
temperature, and in the paramagnetic region.) 
In the critical region data were analysed in the 
static approximation. The present paper is the 
first attempt to study spin fluctuations in an anti- 
ferromagnet from the spin wave region up to 
the paramagnetic region. Since no direct energy 
analysis of the scattered beam could be made, the 
interpretation will be seen to be less certain at some 
points. 

Before going over to the experiments and their 
interpretation, we will give a short review of the 


relevant theories. 


2. THEORY 

The experiments of SHULL ef al.) showed 
unambiguously that the spins of an antiferro- 
magnet are aligned antiparallel in a regular way 
to give a zero net moment. This justifies the 
starting point of an earlier theoretical work by 
HuLTHEN”) on antiferromagnetic spin waves. 
He showed that, assuming an ordered antiferro- 
magnetic ground state, the lowest excited states 
corresponded to the so-called spin waves. Accord- 
ing to the spin wave theory the disorder intro- 
duced in the ordered spin system, as the tempera- 
ture is raised from absolute zero, will propagate 
as a wave through the lattice. The wavelength 
will be quantized by the periodic structure of the 
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lattice. HULTHEN found that the antiferromagnetic 
spin waves travel with a velocity c, independent 


of the wavelength, or expressed differently 

Ww = Cmq (2) 
where w is the frequency and g the wave number 
of the spin wave respectively. We see that a quanti- 
zation of the momentum /ig through the wave- 
length gives a simultaneous quantization of the 


energy fw. Such an energy quantum has been 


called a magnon in analogy to a phonon, the 
quantum of a lattice vibration. In an inelastic 
magnetic scattering process a neutron will ex- 
change momentum /ig and energy fw with the 
spin system and may be said to excite or absorb 
spin waves carrying the same quanta. We therefore 
see that an analysis of the magnetic inelastic 
scattering gives a unique possibility of verifying 
directly the dispersion relation above. 

The simple form of the dispersion relation above 
has earlier been predicted for some simple anti- 
ferromagnetic spin arrangements. GOEDKOOP'?? 
has recently shown that it is valid also in general 
cases. He gives the method for calculating c» for 
different spin arrangements. GOEDKOOP has also 
given the method for calculating the intensity of 
spin wave scattering for each set of planes of an 
antiferromagnetic crystal, this involves calculating 
a relative structure factor. 

As the temperature of the crystal is raised, a 
greater number of spin waves will be excited and 
will give an increase in the scattering cross section. 
Thus the temperature variation of the intensity 
gives direct information about the statistical be- 
haviour of spin waves. 

The theoretical work on antiferromagnetic spin 
waves has mostly been concerned with the question 
of the ground state. It is, however, reasonable that 
most of the discussion on ferromagnetic spin waves 
is also valid in the antiferromagnetic case. ‘Thus we 
must expect the theory to break down when the 
number of excited spin waves gets too high. If 
the only result were a decrease of the spin wave 
velocity, the associated temperature variation of 
9) Tt 


is,also possible that the one-to-one correspondence 


the cross section could easily be calculated. 


between frequency and wave vector (expressed by 
equation 2) will break down. If the distribution 
of wave numbers corresponding to a frequency 
w is smeared out, one must expect a change in the 
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intensity corresponding to a single line in the 
energy spectrum of scattered neutrons. What we 
have called “smearing out”’ is usually called mixing 
of states with different q values. 

Conventional magnetic and thermodynamic 
measurements will in most cases give some quantity 
which is integrated over the whole spin wave spec- 
trum. In antiferromagnetics the spin wave theory 
gives a magnetic 7° term in the specific heat and a 
negative 7? term in the saturation magnetization. 
The latter behaviour has been verified by high 
field nuclear magnetic resonance. "9 

It should be mentioned that the concept of 
correlation function expressed by equation (1) is 
useful also in the spin wave region. ‘The operators 
corresponding to the spin vectors may be cal- 
culated in the spin wave approximation. When 
the spin wave theory breaks down, no explicit cal- 
culation of the correlation function or the scattering 
cross section is possible. In this case the scattering 
is with great advantage discussed in terms of the 
qualitative aspects of the correlation function. 
The cross section for inelastic scattering is given 


by its Fourier transform"! 


2 : k 


(1-91 ; 


mc*/ ko 


< SS [<T;,.(0)T7.-(0) 


exp [7 x(rj—1;)] (6, 


where we have introduced the vector 


> Sr exp [2 x(Rj—1r; (4) 


i 


The position coordinate of an ion has_ been 


written as 


R; ritvaar vpD t Ve. 

Va, Vb, Ve are integers and @, Db, c are the translation 
vectors of the crystal. The other symbols of 
formula (3) have the following meaning: e2/mc2 is 
the classical electron radius, k and kp the outgoing 
and incoming wave vectors of the neutron re- 
F(x) a factor 
assumed equal for all the atoms. ¢ and 7 


spectively and magnetic form 


denote 
any of the components x, y, z of a vector. The 
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momentum transfer is given by 


hx h(ko—k) 


and the energy transfer by 

_ 

(k- — k?). 

" 0 

LmMo 
mg is the neutron mass. If 277 denotes any of the 
reciprocal lattice vectors of the crystal, we can 
write the momentum transfer as 


hx = h2nt+hq. 


The first term on the right then denotes the 
momentum given to the neutron by the crystal 
as a whole and the second term by the quantum 
doing the inelastic scattering, if the spin wave 
theory is valid gq denotes the wave vector of the 
magnon. The scattering cross section is in the 
static approximation obtained from formula (3) 
by putting & equal to ko, integrating over w and 
assuming « independent of w. 

Our scattering formula is seen to give inelastic 
components due to fluctuations in the x, y and 2 
spin components. The fluctuations in the x and y 
components, i.e. transverse to the magnetization, 
are in the lower temperature region described by 
the spin wave theory. When considering scattering 
due to the s-components, the 
longitudinal fluctuations, we see that the last 
term in the brackets is proportional to the sub- 


fluctuations in 


lattice magnetization. Longitudinal fluctuations 
therefore gain in intensity as the sublattice mag- 
netization this discussed 
qualitatively already in the introduction. Critical 


decreases, has been 
fluctuations in antiferromagnets have been treated 
theoretically only little compared with those in 
ferromagnets. In Van Hove®) 
showed that the fluctuations could be characterized 
by a range x;~! and a diffusion constant Aj, related 
to their relaxation time. ELL1oTT and MARSHALL “?) 
and pE GENNES and HeErpiIn"?) have established 
some relations between the values of these con- 
stants below and above the critical temperature. 
They found that the behaviour of «; was such that 
the slope of the intensity when approaching 7, 
from below was in the ratio of about —2 to the 
from above. ELLIOTT 


ferromagnets 


slope when approaching 7, 


and MARSHALL have found that «; for antiferro- 


magnets behaves similarly to the one for 


ferromagnets. 
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In the calculation of x, DE 
VitLaIn“!!) have introduced the 
dependent susceptibility tensor X(%), giving the 
response of the magnetization to a field with wave 
vector x, and shown that it is related to the spin 
correlations. Thus the cross section may in the 
static approximation be written as 


do e ) kpT 


= (1-91 | F(«)|2> > Xij(x) > 


-) 9 9 
dQ / tiuet me-/ g-w Be i} en 


exp [¢x(r;—1;)] 


A similar formula has been given by KrivoGiaz!”), 


INTENSITY 


9 
w 
~ 
= 
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© 
ww 
~ 
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SPIN FLUCTUATIONS IN «a-Fe203 

The relaxation of the fluctuations have also been 
calculated by DE GENNEs and VILLAIN"!), part of 
their results have been quoted elsewhere.) In the 
case of antiferromagnets they found that the re- 
laxation of critical fluctuations were braked only 
by a thermodynamic mechanism. 


3. EXPERIMENTS 

Our experiment was made on a natural geological 
specimen of «-Fe2O3, hematite, from Elba. The 
crystal had a volume of about 200 mm? and a 
spectrochemical analysis showed that the content 
of metal impurities was 0-15 per cent. The struc- 
ture of hematite is rhombohedral with the iron 
atoms lying in layers normal to the trigonal axis. 
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1. Temperature variation of the elastic (111) rhombohedral 


reflection. 


Provided we keep the restriction that |7'— 7'y 
Ty < 1and xis close to 277, X( %) can for certain 
crystal structures be expanded in terms containing 
only |*%—2z77| and constants related to the crystal 
structure and the magnetic interactions. The final 


formula is 


do 


exp[zx(ri—1rj)| (6) 
In the Appendix this expansion is carried out for 
the case of hematite. 


2I 


SHIRANE et al.“!5) have recently given the following 
5-424 A. a = 55°17’. The mag- 
netic structure determined by SHULI 
et al.'6), who showed that below a Néel point of 


about 700°C hematite may exist in two antiferro- 
20°C the 


parameters: ao 
has been 


magnetic states. Below approximately 
magnetic axis lies along the trigonal axis. This will 
in the following be called state I. Above the trans- 
formation temperature, in state II, the spins are 
in the (111) planes. Within each plane the spins 
are ferromagnetically coupled and adjacent planes 


are antiferromagnetically coupled. 


A. The elastic intensity component 
The transformation between the states will be 


clearly visible in a neutron diffraction diagram, 





RISTE 
because the scattering cross section contains a 
factor given by the last parenthesis in formula (3). 
An elastic reflection involves scattering on the 
z-components of the spins, in which case the factor 
takes the form [1—(x, K)*]. 
from state I to II, the factor changes its value 
from zero to one for the (111) reflection. 
In Fig. have plotted the temperature 


variation of this 


Thus, when going 


1 we 
reflection. The strong increase 
—100°C to 100°C is due 
The 


seen when going from 


to the abovementioned transition. further 
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B. The spin wave component 

The technique for studying the inelastic re- 
flections which we have used is described in detail 
elsewhere. 2) It consists of taking vertical profiles 
of the peaks at different angles of misset of the 
crystal from its Bragg position. In the spin wave 
region each angle of misset (@—@g) defines an 
average energy transfer for the inelastic scattering 
and the corresponding peak width (I) is pro- 
portional to the momentum transfer, Thus a plot of 
I’ vs. (9@—6p) gives the dispersion relation. The 


25x10 Joy , 


-F=-35x10 3 ev 


J=-5x10 Jey 





~~ 30° $0" 


40° : 
CRYSTAL SETTING(O-@) 


Fic. 2. Connection between crystal setting and diffuse peak width 


after correction for 


instrumental broadening. Straight lines have 


been calculated for different spin wave velocities corresponding 


to the indicated values of the predominant exchange integral. 


decrease when going up towards the Néel tem- 
perature of 696°C is due to the decrease of the sub- 
lattice magnetization. We see that the transition 
extends over a temperature region of nearly 200°. 
A very similar curve has been obtained in mag- 
netization experiments by Lin“®), Sharper transi- 
tions of about 10° have earlier been reported by 
Cortiss et al.“ Bacon "18? 
nature of the transition may vary from one sample 


has observed that the 


to the other. In some samples he has found remini- 
scence of the high temperature phase even at liquid 
nitrogen temperature, thus supporting the present 
observations. Our curve is taken using a pluton- 
1A 


contamination of 


neutrons and second 


1A 


ium-filtered beam of 


order neutrons can be 


excluded. 


earlier experiments on magnetite revealed the 
quadratic dispersion relation for ferromagnetic spin 
waves.) ‘The present experiments on hematite 


2, which shows that the 


gave the curve on Fig. 
linear dispersion relation of equation (2) is valid. 
The magnon velocity can be calculated from the 
slope of the line using the formula given by 
ELLIoTT and Lowpe"®): 

1/2 


(9—6p) (7) 


: Cm \" 1 
Y = sin 26p | ) -1 


Y’ is the total semiangle of the peak and v the 
3-8 x 106 cm 
sec! which is about five times faster than the 


neutron velocity. Our data give Cy 


phonon velocity in the same substance. (A rough 
estimate of the phonon velocity from the Debye 
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temperature gave a value of 7-6 x 105 cm sec™!.) 
Goepkoop has given a theoretical formula for the 
connection between the spin wave velocity and 
the exchange integral.8) By solving the secular 
equation arising from a Heisenberg type exchange 
coupling between the spins of the iron atoms, he 
found the formula: 


(8) 


S is the iron spin, 2; the number of neighbours 
having the exchange integral J; and a the base of 
the unit cell in hexagonal coordinates. The latter 
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resolution function is given by the profile of the 
peak at the Bragg setting @ = 6g. Assuming 
Gaussian forms of this profile and of the observed 
diffuse peak, the corrected full width at half 
maximum (I) of the diffuse peak is simply given 
by I’ = (T2,.— 03) 2. Tons and Ig denote the 
observed full widths at half maximum for the 
diffuse and the Bragg peaks respectively. The 
theoretical shape of the diffuse peak, as calculated 
by Exiiotr and Lowpe"®), is however quite 
different: the peak is flat with the sides cut sharply 
off at an angle ‘Y given by formula (7). The con- 
nection between Y’ and I" can now be found by 
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Fic. 3. Diffuse peak cross section plotted vs. crystal setting. 


formula was calculated taking only the two 
strongest interactions into account and assuming 
that the spin waves are propagating in the base 
plane. 

The observed value of the magnon velocity 


corresponds to 
dai = 
i 


This figure is consistent with the value of 
—1-8x 10-2 eV found for Feg04, because hematite 
has a critical temperature of 969°K compared with 
855°K for magnetite. In hematite z = 6 for the 
interaction which is supposedly the strongest one, 
this corresponds to J = 3-5 x 10-3 eV as indicated 
in Fig. 2. 

When applying formula (7) to our experimental 
data, we had of course to correct for instrumental 
broadening of the peaks. The instrumental or 


—2:1x 10-7 eV. 


measuring out the full width at half maximum 
of the curve one obtains by folding the theoretical 
peak profile with our experimental function. 

The value of the exchange integral that we have 
found, may be used in a calculation of the diffuse 
scattering cross section. ELLiotr and Lowpe"®) 
have shown that the cross section integrated over 
the whole diffuse peak for a simple class of anti- 
ferromagnets is independent of the crystal 
missetting. Their treatment has been generalized 
by Gorpkoop'8) to include also the case of hema- 
tite. His formula for the intregrated cross section 


reads: 


of = 2n [ n | Kz | = 
” 4 


(—2S> Ji) 


i 


(1-91 


9 
mc- 


Y 


Fr)? 


Fore 


(9) 


tanh~! — 
Cm 


x— — |; 
9 
MoCm~ 





RISTE 


F(r)/FoteY is a 
indicates 


where E is the neutron energy. 


relative structure factor where ‘“‘rev”’ 
that the 
they all point ‘‘up’’. At room temperature it gives 


a value of 1-66 millibarns per iron atom when 


‘ 


‘down”’ spins have been reversed so that 


putting [1 +(«z/«)*] 1-66 which is found from 
Fig. 1 when correcting for extinction. Our ob- 
served values are plotted in Fig. 3 and show the 
predicted behaviour in being independent of the 
crystal missetting. The diffuse peak intensity has 
been put on an absolute scale by comparing with 
the (222) Bragg reflection which is of pure nuclear 
origin and has negligible extinction. The observed 
value of 1-86 millibarns is a little higher than 
predicted, but the agreement is sufficiently good 
in view of the different uncertainties in estimating 
[1+(«z/«)?], the temperature factors and Cy. 

It remains to be proved that the observed 
diffuse peaks are indeed due to antiferromagnetic 
spin waves and not to lattice vibrations, which 
also would show a linear dispersion relation. 
Since the nuclear structure factor of the (111) 
reflection is zero, such vibrations could only 
manifest themselves as magnetic. vibrational 
scattering. This kind of scattering, being elastic 
(Kz K)]. 


The spin wave cross section, which involves 


in the magnetic sense, obeys the factor [1 


scattering on the x and y components, contains 
the factor [1 +(x, «)?] as shown above. In a ferro- 
magnet one is able to change the value of «x, by 
applying an external field in different directions 
and thus change the direction of the spins with 
respect to the reflecting plane. In an antiferro- 
magnet the spin direction cannot be changed 
markedly by an field. In hematite, 


however, we have seen from Fig. 1 that there is a 


external 


transition which simulates the effect of an external 
field on a ferromagnet. 
inelastic 


fact that the 


scattering is proportional to the absolute tempera- 


From Fig. 1 and the 
ture, it may be inferred that when the crystal is 
cooled from 20°C to —35°C the intensities due 
to spin waves and lattice vibrations should change 
by +9 and —71 per cent respectively. Experimen- 
5 per cent was obtained, 


tally an increase of 10 
showing that the diffuse peaks must be of almost 


pure spin wave origin. A theoretical estimate of 


the magneto-vibrational scattering, made from 


the formula given by LowpE”®), 
20°C it would be only about 10 per cent of the 


showed that at 


and A. 


WANIC 


spin wave scattering. Also, since the phonon 
velocity is about one fifth of the magnon velocity, 
the phonon peaks will be about five times wider 
than the magnon peaks and will merge into the 
isotropic background. 
C. The transition from spin waves to critical 
fluctuations 
In Fig. 4 are shown some diffuse peaks taken at 
a crystal missetting of 14° for different tem- 
peratures. It is seen that, when starting from room 


w-Fe,0, (11) 
0-0, 16°Az 15 


DEGREE LATITUDE 

e ss» o 3 & 9 

Fic. 4. Profile of diffuse peak at 6—6g = 14 
different temperatures. 


taken at 


temperature, the only effect of increasing the 
temperature is at first to change the intensity but 
not the width of the peaks. When approaching 
the Néel temperature, however, one sees a pro- 
nounced increase in the peak width. The peak 
I’, which has been discussed earlier, is 
The curve bears a strong re- 


width 
plotted in Fig. 5. 
semblance to the observations in magnetite.) As 
for magnetite, we find that the temperature 7}, 
where the sudden increase of occurs, depends on 
the crystal missetting or, which is the same, on the 
magnon energy. In Fig. 6 we see the observed 
connections between 7 and the magnon energy. 
In the same figure is plotted the curve which was 
observed for magnetite. In magnetite we found 
that the sudden increase of I was accompanied by 
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Fic. 5. Width of diffuse peaks, after correction for instrumental 
broadening, as function of temperature. 


the onset of fluctuations in the z-components of 
the spin. This point cannot be checked for 
hematite, because the method of distinguishing 
the different intensity components by applying 
an external field is useless in an antiferromagnet. 
The experiments on magnetite further showed 
that the broadening applied to the peaks due to 
spin waves or transverse fluctuations. 

In Fig. 7 one sees the temperature variation of 
the diffuse peak cross section at 90—6g = 14°. In 
the low temperature region the experimental errors 
are of the size of the experimental points. The 
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Fic. 6. Connection 


between 


curve drawn through the points in the region of 
transition from state I to II has the shape calculated 
from Fig. 1. There is no discontinuity at the 
corresponding 7; of about 600°C. Instead we see 
that there is a tendency of the cross section to exceed 
the linear temperature variation predicted by 
formula (9) already at much lower temperatures. 
The proportionality in 7 was arrived at by 
assuming Bose-Einstein statistics and a magnon 
energy much less than kg7’, which also is the case 
in our experiments. A clearer picture of the general 
temperature behaviour of the cross section is seen 








observed temperature of 


broadening (71) of diffuse peaks and magnon energy. The 
curve for FegOq4 is taken from Ref. 2. 





RISTE and A. WANIC 





T T 


&-Fe,0, (111) 
At15A  (0-O)=16° 


T 


T 


MILLIBARNS /Fe-ATOM 


1 





TEMPERATURE ‘ 





4 





200 


Fic. 7. 


400 600 800 


1000 


Temperature variation of diffuse peak cross section 


at 0—@zp = 14°. 


from Fig. 8. The diffuse peak intensity seems to 


contain two components: 

(a) A general inelastic component which is 
independent of the crystal missetting. 

(b) A component of critical scattering which is 
of appreciable intensity only in the vicinity of the 


Bragg setting and disappears completely at mis- 


its saturation value. The quantity in brackets is 
easily derived from Fig. 1 at least in state II, since 
the intensity of the Bragg peak is at any tem- 
perature proportional to M72. It seems surprising 
that the cross section at any spin wave energy 
should be governed by this quantity. One should 
rather expect that this factor applies to the cross 


section when integrated over all energies and 
directions, as would be observed in transmission 
measurements with a polycrystal. Our observa- 
tions therefore indicate a mixing of the spin wave 
states when the temperature is raised to about 
half the Néel temperature. The constancy of the 


settings as high as 35°. 

Concerning (a) we see that the general inelastic 
component, which can be studied in isolation at 
6—Op 35°, has a temperature behaviour which 
is described quite well by [1—Mr*Mo~*]. 
Mr denotes the sublattice magnetization and Mp 
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Fic. 8. Temperature behaviour of cross section at different 
missettings. Broken curve is calculated from relative value 
of sublattice magnetization M7Mo~, derived from Fig. 1. 
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Fic. 9. Critical scattering component derived from 
curves like in Fig. 8, after subtracting general inelastic 
component as explained in the text. 


peak width even at temperatures high enough 
for the intensity to exceed the linear slope, in- 
dicates that a state characterized by a frequency 
w is mixed with states having values of g both 


smaller and greater than given by equation (2). 
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D. The critical component 

Concerning (b) this critical component can 
simply be derived from the curves of Fig. 8 by 
subtracting the general inelastic term. After 
carrying out this subtraction, we obtain the curves 
of Fig. 9. The ratio between the slopes of the in- 
tensity below and above the Néel temperature is 
seen to be approximately —2, in agreement with 
the general predictions on the constant x for ferro- 
magnets, as mentioned earlier. 

The expression for the differential cross section 
has been given by formula (6). It may be shown 
that in the white beam technique this leads to the 
following dependence for the peak maxima 

Imax ~11 (7) [K+ 4°7°(0— O)?] — (10) 
Thus the dependence of Jmax on (8—6g) 1s very 
Kk) < 277(8—Og). Our data at 


simple when 
10, show the predicted 


T = Ty, shown in Fig. 
behaviour. The agreement between the theoretical 
curve and the experimental points sets an upper 
limit of ~ 10-4 A-2 on x}? at Ty. The curve has 
been drawn with a value of 1-68 A for 7; (111), 
this value is calculated in the Appendix using 
molecular field theory. The intensity at @—@zg = 4 


corresponds to a cross section of 46 millibarns 


per steradian and magnetic ion. 

The temperature variation of the cross section 
is contained in «,. In Fig. 11 is shown the tem- 
perature variation of «;? obtained from the peak 


maximum at @—@g = 4° when correcting for 


Fic. 10. Diffuse peak maxima for T = Ty. Curve has been 


drawn for «1 = 0 and 7 


= 1-68 A, which are theoretical 


values calculated in the Appendix. 
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experimental broadening. For T < Ty the data 


have been left out because of the inaccuracy of 


this correction when the broadening is weak. 


According to theory KI" should be proportional to 
(T— Tx) when the correlation range (x;~!) is long 
> Tr 


one expects departure from this behaviour, in 


compared to the interatomic distance. At fh 


T : ay 


} 


TEMPE RATURE 


‘T-T o, 


obtained from 


Fic. 11 


pe ak maximum at 


Tempe rature variation of + as 
fa i; 4 


different 


Lines have been cal- 


culated with umptions for interactions, as 


explained in the text 


the paramagnetic limit «1? 


© because the spins 


11 that 


there is a gradual departure from a linear slope 


will be uncorrelated. It is seen from Fig. 
near Ty, itis however difficult to assign an accurate 
value to this slope. ‘T'wo theoretical curves are 
drawn, the calculations are found in the Appendix. 
The 0-44(T— Ty)/ Ty 


when taking only the supposedly strongest inter- 


value of «}° is obtained 


action into account, this is the Fe-O-—Fe super- 


which forms an angle closest to 
0-7(T— Ty)/ Ty is obtained 


g only the second strongest interaction 


exchange bond 
180°. The 


when takin 


, ) 
Value xk] 

, , 
into account. one uses the thermodynamic 
relation ry-K1- (T Ty) Ty 
0-6 (T— T; 


getS Kkj* 


one 


)/ Ty from the calculated value of 77°. 
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We have so far not discussed the intensity com- 
ponent which is observed at the Bragg position for 
‘i Ty. The intensity is of antiferromagnetic 
origin since the nuclear structure factor is zero. 
There is no visible broadening of the peaks at this 
setting, they always appear with the same width 
as the Bragg peaks at lower temperatures. The 
integrated intensity of the peak varies according 
to Fig. 12, the curve has been corrected for higher 


order contamination. It is seen that the intensity 
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Fic. 12. Temperature variation of integrated peak at 
Bragg setting for T > Ty 


does not come down to the level observed at other 
crystal settings. 

When comparing with the experimental results 
for Fe3gQ4, 


x-FeoO3 are 


we see that the diffuse peaks of 
than the 
sponding ones in Feg04. We mention as a typical 


much narrower corre- 
example that the diffuse peak at Ty and 6—@z = 4 
for #-FesOg had a corrected width of only 1-6, 
whereas the corresponding peak for Fe3Q4 had 


a width of 3-3 


4. CONCLUSION 
From the experimental results presented here 
that the 


neutrons from 


one can conclude magnetic inelastic 


scattering of x4-FeoO3 is well 
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described by spin wave theory up to about half 
the Néel temperature. In this temperature region 
there is a one-to-one correspondence between spin 
wave frequency and wavelength. At higher tem- 
peratures there is at first a slow tendency for the 


scattered intensity to supersede its theoretical 
value, this is interpreted as a spreading out of the 
momentum spectrum of spin waves characterized 


by a single frequency, i.e. as a mixing of states. 
This tentative conclusion can only be checked by 
analysing the spectrum of scattered neutrons 
with a good resolution of energy and momentum. 
At a temperature which we have indicated by 
T;, there is a sudden broadening of the spin wave 
peaks. The connection between 7) and the spin 
wave energy is found to be very similar to the 
case of magnetite reported earlier. 
The the 
variation and the angular distribution led us to 
conclude that one could distinguish between two 


observed picture of temperature 


intensity components, a general inelastic one and 
a critical one. This agrees with the predictions by 
VaN Hove®? and by DE GENNEs and VILLAIN"!). 

In the spin wave region the energy is in a simple 
way related to the crystal setting, as discussed 
before. In the critical and the paramagnetic region 
it still seems reasonable to assume that the greatest 
energy transfers are observed at the largest mis- 
settings. Information on the momentum transfer, 
or the wave vectors of the fluctuations, is of 
course obtained from the peak width. Our observa- 
tions therefore show that the general inelastic 
component has a wide distribution in energy and 
momentum. The intensity of this component is 
approximately constant for 7’ > Ty. 

The curves of Fig. 9 show that the critical 
scattering is restricted to small energy and momen- 
tum transfers, as predicted first by VAN Hove 
The detailed study of the critical scattering near 
Ty shows that its behaviour is well predicted by 
calculations based on a local form of the molecular 
field theory, a method first given by DE GENNES 
and Herpin"!3), This is perhaps surprising in 
view of the disagreement observed for FegQ.4. 

A comparison between the critical scattering 
in ferrimagnetic Fe3Q0, 
a-Fe2QOx is of interest. These compounds contain 


and antiferromagnetic 
the same atomic species and the interactions are 
very similar. The comparison between peak widths 
given in the previous section, shows that enhanced 
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scattering at the critical temperature, or critical 
scattering, is in the antiferromagnetic case even 
more restricted to wave vectors close to certain 
reciprocal lattice vectors. 

The scattering by a fluctuation with a definite 
wave vector is expected to increase if the relaxation 
is markedly braked. As a result of the braking the 
range of the fluctuation will increase and thus also 
the coherent inelastic scattering. From the ob- 
served intensity distribution we conclude that pro- 
cesses which tend to brake the relaxation of the 
fluctuations are in the antiferromagnetic case only 
found when the wave vectors are close to the re- 
ciprocal lattice vectors. Recalling now what was 
mentioned in Section 2 about processes braking 
the fluctuations, this indicates that thermodynamic 
braking processes are active only for wave vectors 
which deviate little from the reciprocal lattice 
vectors. Kinematic braking processes are on the 
other hand active over a wider range of wave 
vectors, this is the reason for the broad peaks 
observed in FegQx.. 

It is also interesting to note that there is no 
anomaly in the diffuse scattering in the transition 
region from state I to state II. This means that the 
spin order within the domain remains the same 
(apart the Brillouin-type decrease with 
temperature) during the that 
the domains remain with unchanged dimensions. 


from 
transition, and 
If the transition from one state to the other would 
occur by growing around nuclei of the new phase 
one should expect fluctuations of the domain size 
which would be accompanied by diffuse scattering. 
Consequently the domain as a whole must have the 
direction of its antiferromagnetic axis changed 
as it goes through the transition. The reason why 
the width of the transition as shown in Fig. 1 1s 
broader than found by some other experimenters, 
is due to the fact that some crystals are more in- 
homogeneous than others so that the transition 
temperature may be different for different domains 
within the same sample. This is proved by the 
curves on Fig. 13. Sample I in this figure refers 
to the sample which gave the curve in Fig. 1. 
The other curve is obtained with a small sample, 
having a volume of only 2 mm?, which was cut 
out from sample I. It is seen that the small sample 
has a much narrower transition than the big one. 
Our experiments do not enable us to determine 


the relative strength of the exchange integrals. 
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The observed connection between peak width and 
crystal setting in Fig. 2 only gives the effective 
exchange integral 

~ aii 

t 
The intensity distribution seen from Fig. 3 con- 
firms the linear dispersion relation, but gives no 
new information about the exchange integrals. 
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Fic. 13. Temperature variation of elastic reflection when 
from low 


antiferromagnetic rotate temperature 


alignment along [111] into (111). 


spins 


In the critical region our calculations of r; show that 
the value of this constant is independent of the 
exchange integral. x; is on the other hand sensitive 
to the model of the interactions. In our case, how- 
ever, the range of the fluctuations decreases so 
quickly when increasing (7'— Ty) that it is difficult 
to state anything about the individual J;’s. 


Acknowledgement—The authors want to thank Dr. J. A. 
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retical aspects of spin wave scattering. 


APPENDIX 


It is seen from formula (5) that the cross section may 
be found from the wavelength-dependent susceptibility 
X(«). This quantity will be calculated below, following 
a method given by DE GENNES'!), 


and A. 
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In Ref. (8) we find the following information about the 
magnetic structure of hematite: 

Hematite has four sublattices. Spins in the same sub- 
lattice are located in planes normal to the rhombohedral 
axis. If consecutive planes (and sublattices) are denoted 
1, 2, 3 and 4, the spin sequence is + — — +. A spin in 
sublattice 1 is in superexchange coupling through inter- 
vening atoms with the spins in the other sublattices, the 
dominating interactions are supposedly those with 
sublattice 2 and 3. In molecular field theory the same 
idea is expressed by saying that the spins on sublattice 
2 and 3 give a Weiss field at sublattice 1, the direction of 
the field being opposite to the spin direction in 2 and 3. 
The magnetic moment carried by the spin on 1 is in 
equilibrium under the action of these Weiss fields and 
the external field. This can be expressed in the following 
set of equations: 


v 


- (H—M3—4eM2) 
(H—AM,—}<M;) 
(H—AM, —}eM;) 


M, = (H—AM2—4«Ms) 


C’ is the Curie constant, A and € are molecular field con- 
stants of which A is supposed to be the greater. The 
factor 4 arises because each spin has six of the stronger 
bonds, but only three of the weaker ones. 

At T = Ty we shall have a nonvanishing set of values 
of M, when putting H = 0. Putting the determinant 
of the equations equal to zero, we obtain: 


Ty = C'(A+t}) (A.2) 


The upper sign should be chosen because it gives the 


highest value of Ty. 
By adding the equations (A.1), we obtain: 


77 


‘ € 
* (4H—\M _-M 
T 2 


where 
M 


This gives 
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We are next going to introduce the wavelength-de- 
pendent susceptibility giving the response of the sub- 
lattice magnetization to a field which changes direction 
when going from an “up’’ spin to a “down’’ spin. The 
origin is chosen at a spin in sublattice 1. 

Introducing 


M3 = 4M(x) exp (—7xR3) 


(A.6) 
Mz = 4M(x) exp(—7*Re2) 


we have the equivalent equation of (A.1): 


fy € 
M(x) = aoe Ms) —~ aM (A.7) 
The averages are taken over the nearest neighbours in 
the sublattices denoted by the index. 


If 


S an 
Sx = —> exp(—7x*R»p) 


zn 


then equation (A.7) may be written: 


v 


1M(x) = | He) AS) }M(x)— 


€ 
_ 5 Sa(v MC) | (A.8) 
which gives 


1 ors nde Oe (A.9) 
= 1+—AS3(x)+— - So(x) (A. 
X(x) lite Fate 


Xo 


In the notation of formula (5) the term in the de- 
nominator should more properly have been written 


SXis(x) 
j 


with : = 1 andj = 2,3. 

When calculating the quantities S3 and Se, it is con- 
venient to index the lattice on a hexagonal unit cell. The 
cell dimensions are a = 5-03 A and c = 13:73 A. With 
the origin at an atom in sublattice 1 the coordinates of 
the atoms in sublattice 3 are: 


SPIN FLUCTUATIONS IN «a-Fe203 331 


and in sublattice 2 


where u = 0:145. 
This gives: 


1 | E ‘ é 
3 = —{ COS] —(Kz+Lky)+— Kz] + 
3 | pet salt | 


a c 
+ cos E —2kz— Ky)+ ra «| + 


3 ) 


a c | 
+ cos [see Ky) +— «| (A. 10 


7 6 


Our experiments were performed on the (003) re- 
flection with the [010] axis mounted vertical. Denoting 
the crystal setting as usual by (9—@g) the coordinates 
of « are in the elastic approximation given by: 


For small values of (@—6@g) we easily obtain: 


S3 = —[1—5-3(0—65)?] = —[1—2:8| x—2nt]2] 


(A.11) 


The expansion of S2 gives a complex term, this is, 
however, cancelled by an equivalent term of opposite 
sign when expanding with the origin in sublattice 4. 
When omitting the complex term, we obtain: 


Sp = —0-68[1—2:8| x—2ne|2]  (A.12) 
Due to the crystal symmetry the expansions of S3 and 
Se are in fact invariant by a rotation around the c-axis, 
the plane normal. 

Inserting the expansion in formula (A.9), we obtain: 


ie as (A+0-34e)[1 — 1-682] x —2me|2] 
(A.13) 


Thus the condition for critical scattering is: 
ws 


(A+ 0-34) — = 


N 
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It is easy to show that our equations (A.2), (A.5) and 
(A.14) are not compatible with susceptibility data, but 
it is possible that a set of consistent equations might be 
obtained by also including other magnetic interactions. 
When comparing (A.13) with equations (5) and (6), we 
see that 71 1°68 (Tn/T)/*(A). Close to Ty the tem- 
perature variation of 7; may be neglected. 

Our next task is to find «1, the inverse of the range of 
the fluctuations. 

From (A.11) and the last two equations we have: 


Xo 5 
(A.15) 
X(%) 

equation (6) gives the thermo- 


which together with 


dynamic relation 


(A.16) 


K1>71" 
Ty 
which in our case gives 
T-Ty 
x12 = 0-6 
T'y 


It is also possible to perform a separate calculation 
of «x; without making use of the connection with 7 as 
expressed by (A.16). We then proceed in the same way 
as DE GENNES'*!). Retaining only the supposedly 
strongest interaction, we have corresponding to (A.1): 


(A.17) 


Chan 
7 >M(Ri + R;) (A.18) 


The summation over i and 7 means a summation over 


all the z= nearest neighbours connected through the 


strongest interaction. Combining the last two equations, 
we obtain: 
(A.19) 


M,(0) > Mi(Ri4 R;) 


a AD) 


and further 


[> Mi(Ri+ Rj)—(22—2)My(0)]  (A.20) 
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where Mnn denotes the average magnetic moment per 
ion in the shell of next nearest neighbours of strongly 
interacting ions. 

With the assumption of long range correlations the 
may be found from the 


quantity in the brackets 


expansion. 
M,(x) = M(0)+ | 


(A.22) 


where x, is the component along grad M of the position 
vector of the v ’th ion. This expansion gives: 


Man = M(0)+ 


Since the next nearest neighbours under consideration 
have a center of symmetry in (000), we get: 


= l 
Mann—M(0) = x2 (A.24) 


In hematite 


depends upon the direction of the gradient. We can 
obtain a mean value of this sum by averaging over three 
mutually orthogonal directions, one along the c-axis and 
two in the base plane. We thus obtain 


197 ; 
From our last equation and (A.21) we obtain 


nn 


T? —)2C'"2 2 
2 


From (A.14) we have AC’ = Ty, when putting e = 0, 


which gives 


K12 = 0-44 (A.26) 


Ty 
which is valid for 0 < T—Ty Ty. 

One must expect that the latter method of calculating 
ki is a good approximation when the range of the corre- 
lations is long. This restriction on «1; may limit the 
validity of (A.26) to a very small temperature interval. 
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By the same method one may calculate x; when also 9. Riste T., this journal, preceding paper. 
the interaction characterized by e€ is included. In the 10. JoHNsoN F. M. and Netuercortr A. H., Phys. Rev. 


114, 705 (1959). 


special case where A = 0, we obtain: 


T-—Ty 
Ky = 0-7 _—* A 


N 
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On the transition to metallic behavior in 
zinc oxide 


(Received 31 May 1960) 


IN A RECENT study of the capacitance of the zinc 
oxide electrolyte interface“:?) we observed a 
strikingly sharp change (amounting almost to a dis- 
continuity) in the flat-band potential,* occurring at 
S. Fig. 1 
shows the experimental results for one particular 


a donor density of about 3 x 10!8 cm 


Fic. 1. The flat-band potential as a function of electron 
density for crystals freshly etched in HgPQx,. (See Ref. 1.) 


pretreatment (H3POQO4 etch) and one 
ambient (KCl). Other things 


simple (and there is no reason to think they are 


surface 
solution being 
not simple in the case of zinc oxide), the variation 
of the flat-band potential under constant surface 
treatment should be exactly equal in magnitude 
and of opposite sign to the variation of the Fermi 
energy (with respect to some fixed energy in the 
bulk of the crystal, e.g. the conduction band edge). 
We speculated briefly that the “discontinuity” 
in flat-band potential did in fact reflect a dis- 
continuity in Fermi energy but did not elaborate. 

Since then it has been suggested) that this is 
qualitatively just the behavior to be expected of 
a system when the wave functions of the bound 
donor-states start to overlap and the transition to 
According to Morr) 
this transition should be quite sharp. In the present 


metallic behavior occurs. 


* The flat-band potential is defined as the potential 
respect to some fixed reference electrode) of the 
right up to 


(with 
semiconductor when the “bands are flat’’ 
the 
under these conditions if 


surface; there is no charge on the semiconductor 


“‘surface-states”’ are absent. 


THE EDITOR 
note we wish to point out that all available data 
support this interpretation almost quantitatively. 

The first such datum is the donor concentration 
(3x10!8cm-3) at the transition point. This 
“‘scales’’ reasonably well from the transition point 
in germanium (~5x10!®cm-%) observed by 
FritscHe®), The ionization energy of indium 
donors in zinc oxide is about 0-075 eV) compared 
to 0-01 eV in Fritscue’s experiments with ger- 
manium while the respective dielectric constants 
are about 8-5) and 16. Thus, the apparent Bohr 
radius in germanium is about 4-0 times as great 
as in zinc oxide. The concentration at the transi- 
tion point in zinc oxide should therefore be about 
64 times that in germanium, within experimental 
error of the observed ratio (3 x 1018/5 x 1016) of 60. 
Actually the simple theory used here is probably 
in greater error than are the experiments. 

The conductivity data of THomas on indium- 
doped zinc oxide crystals also support the argument 
for a very sharp transition to metallic behavior. 
His data are shown in Fig. 2. The important and, to 
our knowledge, previously unrecognized feature 
of these data is that for crystals of room-tempera- 
ture conductivity greater than about 15(Q-cm)~! 
the curves show positive curvature while below 
this value the curvature is negative. This is in a 
direction to make the very low-temperature 
conductivity finite and temperature-independent 
at high donor density, but essentially zero at low 
donor density. The interesting features to note 
here are that the change is fairly abrupt and that 

the 15(Q-cm)~! 
3x 1018, just the 


the donor concentration at 
demarcation point is about 
concentration at the discontinuity in flat-band 
potential. Clearly the low-temperature behavior is 
metallic above this concentration while at lower 
concentrations it is that of a typical semiconductor. 
At elevated temperatures, of course, where an 
appreciable fraction of the donor states are ionized, 
one expects a far more complex situation, with 
conduction-band and impurity-band conduction 
both playing significant roles. It is therefore not 
surprising that one does not observe the abrupt 
“‘phase’’-transition by conductance measurements 
at elevated temperature. The interesting feature 
of our flat-band potential measurements is that 
the transition remains quite sharp, energywise 
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Temperature , ba 








Fic. 2. The conductivity of indium-doped zinc oxide 
crystals as a function of temperature. (After ‘THOMas.) 


at least, even at room temperature and in the 


presence of a random donor distribution. Mort’s 


theory predicts a discontinuous change only for a 
perfect lattice. 

There are still many features of the flat-band 
potential data which require explanation. In 
particular, the magnitude of its abrupt increase 
seems excessive, and the origin of its subsequent 
almost as sharp decrease is presently not com- 
pletely understood. Theoretical work along these 
lines is continuing. 
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Observation of oscillatory magnetoresistance 
in InAs at microwave frequencies 


(Received 15 June 1960) 


WE HAVE observed transverse, oscillatory, mag- 
netoresistance in InAs at liquid helium and 
hydrogen temperatures. 

Oscillations in InAs have been previously re- 
ported using d.c. techniques."!:2) The purpose 
of this letter is to describe observation made with 
an electron spin resonance spectrometer operating 
at 24000 mc/sec. These observations have been 
made accidentally, during a search for plasma 
resonance absorption in InAs. 

The sample was placed on the wall of a TEj10 
cavity in the position of minimum F field. The 
spectrometer was tuned to absorption and a 
modulation field of 30 Oe was used. The observed 
signal was a derivative of the absorption signal 
with a possibility of some dispersion mixed in. 
10-3 ohm- 
10-3 cm, o1 


The resistivity of the sample was 5-5 » 
cm and the skin depth was about 2-5 x 
0-1 of the total sample thickness. 

A typical experiment consisted of 
the magnetic field at 24000 mc/sec with the results 
shown in Fig. la. The minima are due to increased 
power absorption at resistivity maxima whenever 


sweeping 


a Landau level crosses the Fermi level. ‘The plot 
of the minima vs. 1/H gives agreement with the 
theory. Ordinary d.c. measurements are ex- 
hibited for comparison in Fig. 1b. The sample 
used in these measurements had a slightly different 
carrier concentration 7. 

We do not propose to discuss the results ob- 
tained in view of their similarity with those in 
Refs. (1) and (2). We find our results interesting, 
however, because the microwave measurements 
have certain advantages over the d.c. measure- 
ments. They can be performed at higher sensitivity 
with smaller samples without electrodes attached 
to them. This may be of considerable interest 
in specific cases. The shape of the oscillatory lines 
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is not unlike that of plasma resonance absorption, 
with occasional possibility for confusion. 

We have observed similar oscillations in InSb 


(n 5 x 1015 cm-3). We have unsuccessfully at- 
tempted to find the additional splitting of the 


individual levels due to two possible orientations 


viagne 


24000 mc/sec as 


] (a) Microwave 
ction of Hf field. 7 


absorption at 
1-2°k. Carrier concentration 
The line at H 
due to a control sample in the cavity. (b) D.C 
as a function of H field. 7 1-2°K. ¢ 
5-4x 1016 


n 6-5 x 10'6 cm extra 82009 is 
resistance 
arrier concentra- 


tion 7 cm 


of electron spin for each Landau level. ‘The spin 


splitting is to the Landau splitting as 


oupH m gm* 
2upH 
m* 


4m 


0-013 m and g = 50. The spin 


Ss 


In InSb m* 
splitting is 0-16 of the Landau level spacing. We 
have not detected any evidence of such splitting. 
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Optical determination of the conduction band 
structure of GaSb 


(Received 24 May 1960) 


OSCILLATORY magneto-absorption measurements 


that the lowest conduction band 
a 


in GaSb show 
minimum is at the center of the Brillouin zone. 
The energy gap for the direct transitions between 


valence and conduction band at 4:2°K is Eg 
()-813 eV, very close to the value found for the 


direct absorption edge in germanium (Lg 
()-89 eV). The effective mass at the (000) mini- 
mum of the conduction band of GaSb is 0-047 m“™) 
also close to the value found for the (000) minimum 
of the conduction band in germanium (m, 
0-033 m).°) The existence another set 
minima in the (111) direction of k space, similar 
to the lowest conduction band minima of ger- 


of of 


manium, has been postulated by Sacar®) to 
explain the temperature and pressure dependence 
of the Hall constant in GaSb. These minima 
should lie at room temperature 0-08 eV above the 
(000) minimum. ‘The 
large changes with temperature 
observed in the Hall constant of highly doped 
GaSb can be explained as due to changes in the 
relative population of both sets of minima while 


lowest conduction band 


pressure and 


the total number of carriers remains constant. In 
this letter, further experimental evidence for the 
existence of the (111) set of minima is obtained 
from the temperature dependence of the free 
carrier polarizability as determined from infra- 
red reflectivity measurements. The conductivity 
effective mass at the (111) conduction band minima 
is shown to be close to the conductivity effective 
mass at the same minima in germanium. Also the 
temperature dependence of the energy difference 
between both sets of conduction band minima is 
shown to be similar to the temperature dependence 
of the corresponding difference in germanium. 

The reflectivity of highly doped GaSb was 
measured at 296 and 89°K by comparing it with 
the reflectivity of an almost intrinsic piece of ger- 
manium, using the method described by the 
author.) The Hall coefficient of the sample was 
measured on a bar cut from the specimen after the 
optical measurements were finished 

The Hall voltage was measured for magnetic 
fields up to 18,000 G and showed, within this 


domain, a linear dependence on magnetic field. 
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Figure 1 shows the reflectivity of an n-type 
GaSb sample at 296 and 89 K. The reflectivity at 
long wavelengths exhibits a large change with 
temperature which may be attributed to a change 
in the free carrier polarizability. ‘The variation in 
the free carrier polarizability is smaller for all 
other semiconductors measured (Ge, Si, GaAs, 
InP): 5) with the exception of PbS.) An inter- 
pretation of this large change in terms of only one 
set of equivalent non-parabolic conduction band 
minima, as was done for Ge, Si, GaAs and InP, 
is not possible. However, it is possible to explain 
this change as due to the transfer of carriers from 
one conduction band set of minima (000) to the 
higher lying one (111) as the temperature is in- 
creased. 

The presence of carriers with different mobilities 
in two different valleys has to be taken into account 
to calculate the number of free carriers from the 
measured Hall constant (Ry = 6°88 cm?/C at 
296°K and Ry = 5-95 at 77°K. The 
Hall to conductivity mobility is assumed to be 
equal to one. While this assumption is justified 
for the (000) minimum, where the degree of de- 
generacy is high, this might not be the case for the 
(111) minimum. However, one can estimate that 
no large error is introduced by this assumption. The 
number of carriers No and Nj in the (000) and 
(111) minima at and the 
position of the Fermi level Ey with respect to the 
(111) minimum of the band can be obtained by 
solving the set of equations: 


ratio of 


room temperature 


- No 


+) 5 


Hl 


No 


I Ch y 


(2RT)3/2my)/2myv4 | 
kT 


Ni — Fy | 


where: 

mo is the effective mass at the (000) minimum 

my, is the transverse effective mass at the (111) 
minimum 
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my; is the longitudinal effective mass at the (111) 
minimum 

vj is the number of equivalent minima in the first 
Brillouin zone. 

A is the energy difference between the (111) and 
(QUO) minima. 

Fi,2 are the Fermi integrals which have been 
tabulated by BEER et al. ?) 

fo and py are the mobilities at the (000) and (111) 
minima respectively. 

In equations (1) mi : 
room temperature. 


0-047 and A = 0:08 eV at 


15 20 (microns) 


Reflectivity of an n-type GaSb sample as a 


function of wavelength. 


For the carrier concentrations used in this 
experiment, one can estimate that mp is equal to 
the effective mass at the bottom of the band.) 
The ratio yo/~1 in equation (1) is taken equal to 
6.) Our deductions do not depend critically on 
the value of juo/11. 

We further assume that my), m;, and v; have 
the same values as for germanium. The agreement 
between the calculated polarizability at room 
temperature and the observed one will prove the 
self-consistency of this assumption. 

Solving equations (1) we find at 296°K, No = 
3:7 x 1017 cm-3 and Ny, = 1:26 x 1018 cm-3, 

Figure 2 shows the dielectric constant calculated 
from the reflectivity data of Fig. 1 at 296 and 89°K 
as a function of the square of the wavelength. The 
solid line at 296°K is the curve found from the 
known values of Nj,No and the effective: masses 
mo,m1, my, using the expression: 

Ny I 2 No7 


€ = €intrinsic — 


3 \my my, mo 
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The excellent agreement between the experi- 
mental and calculated results shows that the (111) 
minima in GaSb are very similar to the correspond- 
ing minima in germanium. From the low tem- 
perature dielectric constant, and neglecting the 


temperature dependence of mo,m,; and my, we 
can calculate No and Nj by using equation (2) 


and the temperature independent value of No+ i 


3 2 
(microns ) 








C —___-—- 


0 100 400 


Fic. 2. Dielectric constant of an n-type GaSb sample 
as a function of the square of the wavelength. 


determined at room temperature. At 89°K we 
find N; = 0°61 x 1018 and No = 1-02 1018. The 
same values can be obtained from the first of 
equations (1) and the low temperature value of 
Ry if we assume that po/u1 is temperature inde- 
pendent. Equations (1) can now be used to calcu- 
late Ep and A. We find A = 0-057 eV. Hence this 
rough calculation indicates that the separation 
between the (000) and (111) minima increases 
with increasing temperature at a rate + 10-4 eV x 
(“C)-1. The variation of this separation has been 
measured for germanium‘) and found to be 
+5x10-5 eVx(°C)-1, close to the value deter- 
mined by us for GaSb. Sacar®) found from the 
temperature dependence of the piezoresistance 
a coefficient for A of —3 x 10-4 eV x(°C)-1. 

This coefficient disagrees with ours and with 
the one for germanium even in sign. However, for 
its derivation, a number of simplifying assumptions 
about the scattering mechanism had to be made 
such as the validity of deformation potential 
theory, implying acoustical mode scattering, and 
the existence of an energy independent isotropic 
relaxation time. The presence of ionized impurity 
and intervalley scattering is likely to affect the 
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piezoresistance while the derivations in this letter 
do not depend on these assumptions. Since we 
have postulated a similar behavior for the (000) 
and (111) minima in germanium and GaSb, it is 
reasonable to expect that the energy separation 
between these extrema changes similarly with 
temperature in both semiconductors, in agree- 
ment with our findings. 
Laboratories R.C.A. Ltd. M. CARDONA 
Zurich 

Switzerland 
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A thermal shutter phenomenon in 
field-effect measurements 


(Received 11 April 1960) 


One of the methods widely used in the investiga- 
tion of the surface properties of semiconductors 
is the field effect.) This method employs capaci- 
tatively applied electric fields in order to vary the 
surface conductance. Where the swing in the 
electric field is sufficiently large the sample con- 
ductance passes through its minimum value. This 
value depends only on the bulk properties of the 
sample and the temperature, and its knowledge is 
essential in the calculation of the surface potential 
corresponding to any given value of the conduct- 
ance. (2) 

An effect has been observed in this laboratory 
which can lead to a misinterpretation of field- 
effect data taken on samples whose temperature 
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Fic. 1 

(a) Oscillogram of field-effect curves of n-type germanium (Np—Na 

3 x 1018 cm~8) taken at two-second intervals following application 
d.c. field. 

(b) Oscillogram of field-effect curves of n-type germanium (Np—Na = 

3 x 1013 cm~%) taken at two-second intervals following removal of d.c. field. 

(c) Replot from (a) above of resulting changes in conductance mini- 

mum as a function of time. 
(d) Replot from (b) above of resulting changes in conductance minimum 
as function of time. 
Sample temperature 33°C, cryostat in ice bath, 
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differs from that of their surroundings. When 


the magnitude of the electric field is changed the 


value of the conductance minimum undergoes a 


Thus if the minimum is not being dis- 


slow drift 
played on the oscilloscope and is assumed to be 


-to-point method of field- 


constant, as in the point 


effect measurements,) an error will be introduced 


into the calculations of the change in surface con- 
ductance due to the a pli ed field. If 


osc illoscop A 


the minimum 
is being displayed on the as in the 
field-effect method,“ the 


changes in the minimum can give rise to the 


original a.c. observed 
im- 
pression that an additional conduction mechanism 


1S present over and above those of the bulk and 


space-charge regions. In addition, this effect can 
be particularly disturbing when studying slow- 
state relaxation phenomena,™) due to the similar 


magnitudes and time constants involved in these 
two processes. 

Figure 1 (a) isan oscillogram of field 
taken at two-second intervals followit 
field of 3x 10° V/cm in series with a 
modulating a.c. field (50 rigpe of the 
As a 


field the conductance 


-effect curves 


ig the applica- 
tion of a d.c. 
Same order 
of magnitude. result ol appl lication ol 


the d.c. minimum together 


with the entire a.c. field-effect display is seen to 
descend towards a new equilibrium position. The 
change in this minimum in p»Q-!/square pms 


. Fig. 1 (c). After the 


slotted 
] 
i 


remova 


field the field effect curve relaxes back 


as a function of time ir 
of the d.c. 
to its original position as shown in Figs. 1 (b) and 
(d). 
The 


shown 


results of various measurements have 
that the 
minimum following the application of the electric 
field are 


direction, 


changes in the conductance 


consistent, in both magnitude and 


with small changes in sample tempera- 
ture caused by heating or cooling 


by its surroundings. Thus, for 


intrinsic and extrinsic ranges of sample 

ance produce effects in opposite directions, a1 
does the temperature < the 
and below 


Fig. 


when it is 


that of the surroundings. The 
(a) (filament te mpe! ks 
cryostat immersed in ice bath) can thus be inter- 
preted as a decrease of 0-07°C in the temperature 
of the sample used (n-type germanium, Np—N, 
101° cm-%), 
That this effect 
but is entirely thermal in 


sample 
above 


results of ature 


does not relate to the surface 


nature was established 
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by measuring directly the sample temperature 
during the drift of the 
For the above sample cooled to liquid air tempera- 
ture the temperature change amounted to half a 
degree for a the order of 105 V/cm. This 
should result in a change in conductivity of 1 per 


conductance minimum. 


field of 


cent or a change in surface conductance of 60uQ7! 
square and accounts fully for the magnitude of the 
drift observed in the sample conductance. 

The mechanism follows. An 


increase in the magnitude of the 


seems to be as 
field (d.c. of either 
polarity, or a.c.) increases the Coulomb forces on 
the thin dielectric spacer between the plate and 
the sample, thus improving the thermal contact 


sample and its surroundings. Hence 
shutter, and 


between the 


acts as a thermal 


the applied field 
the presence of any temperature gradient between 
result in a 


the sample and its environment will 


slow heating or cooling of the filament and a cor- 
in bulk conductance. This is the 


a.c. field-effect 


responding drift 


cause of the drift of the entire 
display shown in Fig 
The characteristics of this temperature drift 


depend on the method « 


iture 


f sample mounting, the 
control used and the 


surface. The 


nature of the temper: 


smoothness of the sample effect 


does not appear when the surface is very smooth 
or the pressure on the plate sufficient so that the 
thermal contact cannot be further enhanced by 
the Coulomb forces. 

In order to make certain that the nature of this 
thermal 
of the 


manium was 


depends only on the mounting 


not on its properties, the ger- 
al filament of the 


shutter 
sample 
ced by a met 


same geometry. Under the same experimental 


conditions similar temperature changes were 


observed when the electric field was changed. 
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LETTERS 


Nuclear magnetic resonance in 
ferromagnetic Fe®’* 


In Tu1s letter we report the observation of nuclear 
magnetic resonance in an enriched sample of 


Fe®’, The characteristics of the resonance are 
very similar to those observed in the nuclear 
magnetic resonance of ferromagnetic Co®9) in- 
dicating that the iron resonance is driven by 
domain wall motion. ®) 

The resonance frequency with the sample in 
zero applied field and at room temperature (295°K) 
is 45-49 Mc/sec. Taking the nuclear magnetic 
moment of Fe5’ to be 0:0903 nm as determined 
by electron-nuclear double resonance) we com- 
pute a room temperature hyperfine field of 330,500 
gauss. This value is in excellent agreement with the 
value deduced by Hanna et al.) from polarized 
Mossbauer studies and confirms their inter- 
pretation of the spectrum. On cooling the sample 
to 77°K the resonance frequency was increased 
by 2:3 per cent to 46:54 mc/sec. The half-width 
between half power points is approximately 
60 kc/sec at the two temperatures. The spin- 
lattice relaxation time 7} was measured by a 


technique similar to that used for cobalt®) and 
was found to be 4msec at room temperature 
with no appreciable increase on cooling to 77°K. 

The observations were made by placing one 


gram of finely powdered iron enriched to 76-7 
per cent Fe®’ in ther.f. coil of a marginal oscillator. | 
Changes in oscillator level resulting from a 
variation in sample losses through the nuclear 
resonance were measured by a novel modulation 
and detection system described below. The re- 
sonance as traced onto a strip chart recorder is 
shown in Fig. 1. The r.f. voltage on the coil was 
1V r.m.s. corresponding to a peak r.f. magnetic field 
of 0-03 Oe. The major source of oscillator losses 
was associated with eddy currents in the particles. 
The damping of domain wall motion contributed 
about 20 per cent of the total losses as determined 
from a comparison of the losses in zero field with 
walls present and in high fields with the walls 
driven out of the particles. The losses associated 


* Supported by the United States Atomic Energy 
Commission. 

+ The sample used in these experiments was obtained 
as a metallic powder from the Isotope Sales Division of 
the Oak Ridge National Laboratory. 
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with the resonance signal were 0-02 per cent of 
the total sample losses or approximately 0:1 per 
cent of the wall losses. The observed losses may 


Fic. 1. Nuclear magnetic resonance signal in Fe5’ at 

77°K. The power absorption derivative is displayed, 

indicating that the absorption is proportional to xX’. 
The spikes are frequency markers. 


be compared with a theory of the damping of 
wall motion by the nuclear spins. The imaginary 
part of the permeability of a spherical particle in 
the radio frequency range is given byt 


F yeM 
1+ (yeHn?/wM)(x' + —— x") 

where A is the wall damping parameter, a is the 
domain diameter, 5 is the wall thickness, and Hy, 
is the field seen by the nuclear spins. The nuclear 
dispersion signal relative to the wall losses is 
given by 


p = (yveHn?/wM)yow/Aw 





t A related expression given in Ref. (2) is in error. 
An expanded version of the present letter will contain 
the corrected treatment of the problem, 
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Disturbances of carrier concentration 


in high electric field 


Recei 120 June 1960) 


ssumed in interpreting experiments 


is applied to a ger- 

the exhaustion region 
conductivity are due 
‘onductivity changes that 
arising from changes in 
ve been ascribed to in- 
or surface effects. In the 
ynsider the recombination 
used by SHOCKLEY 
arriers. It will be seen 
tion of changes in carrier 


1 


s a bulk effect in high 


READ model, it is assumed 
tion takes place through the 
) level at energy «in the forbidden 

energy transfers re- 


capture or emission 


Predoctoral Fellow. 





take place through a thermal process sucl 
multi-phonon one, or the cascade process discusse: degree fillis he tray 
by Lax), or a radiative process or some combi! 

tion of these. Neither the Auger process not 
emission from the traps, which probably req 


Tle 


higher fields than those dealt with here, will 
considered. Also, the discussion will be confin 
to non-degenerate material. 

For the processes included here, 
probability per unit time, c,(¢), for at 
with energy in the range de at « to be capturec 
an empty trap is the average over the states 1 
of v times the capture cross-section A of the trap.” 
With this, the rate of capture of electrons from t 
conduction band by traps is* 


XD 


flee) Ne | Cn(é )f(e)N(e) le 

where f(e) is the distribution function 
electric field of intensity F rather than the M 
Boltzmann distribution for thermal carri 
expression can be_ rewritten 
where E indicates that the avera 
over the actual distribution in 

The rate of emission of electrons from t 
a non-degenerate case is independent of th« 


| 


distribution of carriers in the conc 
1 


and is therefore the same as obtained in R 
e.g. Nif(er)m1 Cn» °, where ny Ne exp(« 


and the superscript 0 indicates that the 


of Cy is to be taken over the zero-fiel: 
With the notation N; <c, 
rate of capture of electrons by t 
'E ¢ 10 fy 
CC fr(ern—C” f(et)n1. 
A similar treatment can be carried out for | 
leading to the net rate of capture of holes | 


traps: 
‘Eg 10 J ; 
C, f(e,)p — ¢ ¢ p(€t)P1- 


Consider now what the steady state 
electric field would be if there were no inject 
extraction at contacts or surface. From the « 


tt 


dition that the net rate of capture of elect 


* Except where indicated otherwise, th¢ 
will be that of SHocKLEY and Reap, Ref. (2). ‘ ap} 


1; ] ] ] } t n" +t) 
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tain an expression for the 


ite even 
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itT1ions 


ut 20,000 


N} 
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nt 
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ction 
nid 
woulda 


f 100. 


cross- 


lied in pulses of a few microseconds 
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duration at most to avoid heating the sample. For 
most germanium samples the steady-state carrier 
concentration would probably not be reached 
during such a pulse. Despite this, however, it 
seems that for a near-intrinsic germanium sample, 
an observable change in carrier concentration 
should occur during the time of a pulse. Such an 
effect could be useful for determining the velocity 
dependence of the trapping cross-section of the 
various recombination centers. Of course, to utilize 
it in this way it would be necessary to eliminate or 
otherwise separate this process from the contact 
and surface effects that can also cause changes in 


carrier concentration. 
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